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Abstract 
The grid integration of photovoltaic (PV) systems in distribution networks is facing 
challenges such as transient changes in voltage due to fluctuations in generated real power 
and tripping of PV systems. Smart PV inverters with functions such as dynamic reactive 
current injection and low voltage ride through are available to mitigate these challenges. This 
thesis shows that a better stable performance can be obtained if these functions are 
implemented using the novel patent-pending technology of PV system as a dynamic reactive 
power compensator (PV-STATCOM). A linearized state space model of PV-STATCOM is 
developed to show the benefits of PV-STATCOM controls over Smart PV inverter controls 
in the presence of control system interaction between dc-link voltage and point of common 
coupling voltage controllers. These benefits are further substantiated by comparing the 
performance of PV-STATCOM and Smart PV inverter to perform voltage control during 
system disturbances simulated by irradiance changes and faults.       
 
Keywords 
Photovoltaic (PV) System, Smart PV inverter, PV-STATCOM, Voltage Flicker, Transient 
Voltage Changes, Low Voltage Ride Through (LVRT), State Space Model, Dynamic 
Reactive Current Injection, DC-Link Voltage Control, Point of Common Coupling (PCC) 
voltage control.  
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𝑄𝑉𝑆𝑆 : Reactive power of VSC 
𝑅𝑠   : Equivalent series resistance of each cell 
𝑅𝑠ℎ : Equivalent shunt resistance of each cell 
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𝑅𝑥 : Resistance (x is used to denote appropriate quantity. For example: 
line, grid etc.)  
𝑇𝑠 : Temperature at STC 
𝑉𝑜𝑑  : Open circuit voltage of a PV panel 
𝑉𝑥 : Voltage (x is used to denote appropriate quantity. For example: 
line, grid etc.) 
𝑉𝑥𝑑 : d-axis voltage (x is used to denote appropriate quantity. For 
example: line, grid etc.) 
𝑉𝑥𝑥 : q-axis voltage (x is used to denote appropriate quantity. For 
example: line, grid etc.) 
𝑏1,𝐾𝑝𝑖1, 𝐾𝑝𝑖2, 𝐾𝑖𝑖1, 
𝐾𝑖𝑖2, 𝐾𝑝𝑝, 𝐾𝑖𝑝, 𝐾𝑝𝑝𝑠, 
𝐾𝑖𝑝𝑠, 𝑏2, 𝐾𝑑𝑟𝑜𝑜𝑝 
: Controller Gains of Current controller, DC-link voltage controller, 
PCC voltage controller and PLL. 
𝑓𝑠 : Frequency of the grid supply (in Hz) 
𝐾x𝑑 : d-axis current (x is used to denote appropriate quantity. For 
example: line, grid etc.) 
𝐾x𝑥 : q-axis current (x is used to denote appropriate quantity. For 
example: line, grid etc.) 
𝐾𝑥 : Current (x is used to denote appropriate quantity. For example: 
line, grid etc.) 
𝑚𝑑 : d-axis modulation index  
𝑚𝑥 : q-axis modulation index 
𝑛𝑝 : Number of cells in parallel per panel 
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𝑛𝑠 : Number of cells in series per PV panel 
𝑢𝑑, 𝑢𝑥 : Control Inputs of current controller 
𝑥1 : Substation transformer turns ratio 
𝑥3, 𝑥4, 𝑥5, 𝑥6, 𝑥7, 𝑥8 : State Variables 
𝑦�, 𝑢� , 𝑥� : Generalized form for linearized output, input and state variable.  
𝜏1 , 𝜏2, 𝜏𝑉𝑑𝑑 : Time constants of filter 
𝜔𝑜 : Angular frequency of the grid supply at Steady State 
L : Laplace transform operator 
𝐺 : Solar Radiation or Irradiance 
𝑇 : Operating temperature of the PV panel 
𝑘 : Boltzmann’s constant 
𝑛 : Diode ideality factor 
𝑞 : Charge of an electron 
𝜌 : 𝜌 is the reference angle of dq frame 
𝜔 : Angular frequency of the grid supply 
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Chapter 1  
1 INTRODUCTION 
1.1 General  
The use of renewable energy based sources for electricity generation has been on the rise 
globally as they represent one of the alternate and clean sources of electricity. The 
benefits include reduction in green-house gas emissions, energy security, strategic 
economic development, energy access through off-grid solutions etc. [1]. Among them,  
Solar Photovoltaic (PV) Systems are one of the most fastest growing renewable energy 
based distributed generators that are getting integrated into distribution networks 
worldwide [2]. The growth has been significant in Canada over the past few years by 
introduction of many government incentive programs such as Feed-in Tariff program, 
Renewable Energy Standard Offer program etc. [3]. The total installed capacity of PV 
system exceeds 1000 MW as of 2014 [4]. The growth of solar PV systems is expected to 
increase by over 3000 MW in the period from 2014 to 2040 [5].     
1.2 Challenges for Grid Integration of PV systems 
The increase in penetration of solar PV systems at distribution level has created a number 
of issues in the existing distribution systems for utilities. This is serving as a barrier for 
the grid integration of new PV systems in distribution networks. Some of the main issues 
include: 
i) Voltage rise due to reverse power flow from PV systems during high PV 
generation and light load conditions [6]. 
ii) Conductor and Equipment loading due to additional generation on the 
distribution feeders [7].   
iii) Increased switching operations of voltage regulating devices such as switched 
capacitor banks, tap changing transformers[7].   
iv) Increase in harmonics generated by PV systems and resonant interactions of 
inverters with distribution systems[7]. 
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v) Flicker in voltage due to rapid fluctuation in the generation of real power by 
PV systems[7]. 
vi) Coordination of protective devices due to increase in short circuit current 
contribution by PV systems during faults[8]. 
vii) Increase in losses due to reverse power flow from PV systems[8]  
viii) Temporary Over-voltage due to increase in short-circuit current contribution 
by PV systems during faults[9]  
ix) Transient changes in voltage and sudden loss of generation due to sudden trip 
of PV systems [7], [10].  
The issues that are dealt with in detail in this thesis are described in the following 
sections.  
1.2.1 Voltage flicker due to fluctuation in real power generated by PV 
systems 
Voltage flicker is defined as the low frequency variations in voltage in distribution 
networks. They are caused by industrial loads such as arc furnaces, welding systems, 
electric boilers etc.[11] that draw fluctuating power at low frequencies. The concept of 
voltage flicker has now been extended to many kinds of voltage fluctuations through the 
use of short term flicker assessment and long term flicker assessment [7].  
Voltage flicker is also caused in distribution system by rapid fluctuations of real power 
supplied by PV system due to cloud passing [7]. This is also one of major issues that 
occur in distribution networks due to high penetration of PV systems. This issue also 
serves as one of the barriers that limits the interconnection of PV based renewable energy 
power system [2]. 
 
The voltage flicker is generally estimated by using the standards developed by the 
International Electro Technical Commission [7, 12]. For accurate estimation of voltage 
flicker, long simulations in the order of minutes have to be performed. If the flicker due 
to PV power fluctuations is to be studied, detailed solar irradiance data has to be available 
for performing the studies. Flicker can also be simulated by performing an instantaneous 
drop of PV output from 100% to 0% if accurate solar irradiance data is not available[8]. 
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The standard industry practice to evaluate the voltage flicker is by using GE flicker curve 
[8]. The flicker curve is shown in Figure 1.1.  
 
In [8], the flicker limit for 100 % drop in irradiance is considered to be 3 % based on the 
assumption that this drop occurs once per hour. In Figure 1.1, 3% is the limit for 
borderline of visibility of flicker when the voltage dip occurs once per hour. The same 
limit has been adopted for the voltage flicker studies in this thesis.   
 
 
Figure 1.1 Voltage flicker curve [13] (© [1994] IEEE)   
1.2.2 Voltage changes due to sudden trip of PV systems  
PV systems connected to distribution network are generally required to trip within a 
certain period of time when the voltage at its terminals dips and stays below a certain 
value due to fault or any other event. The guidelines provided by IEEE standard 1547-
2003 [14] are in general applicable to these PV systems. In a particular high PV 
penetration scenario, the sudden tripping of PV systems could lead to some of the 
following events: 
i) Transient voltage changes or disturbances on the distribution system which 
might cause power quality problems such as flicker for load customers [15] 
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etc. These could also lead to cascading impacts on the distribution system 
such as tripping of other equipments etc. [8]  
ii) Sudden loss of generation which could affect the stability of the grid and 
could lead to grid failure [16]  
This issue also serves as one of the main barriers that limit the interconnection of PV 
systems.  
1.3 Modeling and Control of Conventional PV System  
The issues due to high penetration of PV systems are outlined in the previous sections. 
Two of the issues which are dealt with in this thesis are also described in detail. Before 
proceeding to understand the methods available to solve these issues, it is essential to 
understand the operation and modeling of a conventional PV system. 
The conventional PV system refers to the PV system that is being utilized for only supply 
of real power generated by PV panels. It can be categorized into two types namely three 
phase single-stage and three phase two-stage PV systems. The scope of this thesis is 
limited to studies with three phase single stage PV system. The individual components 
and their models, overall system state space model and conventional control mode of 
operation are briefly explained in this section.    
1.3.1 Components and their models 
The components of conventional PV system include the power circuit components and 
control circuit components. The major power circuit components include PV panel array, 
PV inverter, output low pass filter and interconnection or coupling transformer [17]. The 
major control circuit components include phase locked loop (PLL), current controllers, 
dc-link voltage controller, maximum power point tracker [17]. The control of PV system 
is usually carried out in dq-frame [18].  The designs of various power and control circuit 
components have been widely discussed in the literature [17], [19], [18]. 
1.3.2 State Space Model of overall PV system 
The state space model of a PV system is required to study its stability when it is 
integrated with distribution networks. Since this thesis deals with modeling studies, an 
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understanding of modeling of conventional PV system is required before proceeding 
further.  
 
The overall state space model of PV system is nonlinear and the state variables are not 
decoupled from each other. Although there are many different mathematical models 
available for single-stage PV system, the main difference arises based on how the 
equations are linearized and how the state variables are decoupled. In [20], [21], robust 
controller based on partial feedback linearization approach for the overall state space 
model of PV system is proposed. In [17], [19] and [18], a control approach based on 
feed-forward decoupling approach is proposed. In this model, dynamics of current 
controllers, dc-link voltage controller and PLL are decoupled from each other by the use 
of feed-forward decoupling terms. An overall linearized state space model is proposed in 
[19] to study the interaction between PV system and distribution network.     
 
1.3.3 Conventional mode of operation 
IEEE standard 1547-2003 [14] provides guidelines for the operation of PV systems 
connected to distribution network. As per this standard, PV systems are not allowed to 
perform voltage regulation. This means that they are required to operate in unity power 
factor of operation. Hence, the reactive power supplied by PV system is generally 
regulated to zero and they supply the maximum real power generated.  
1.4 Modeling and Control of Smart PV inverter 
The operation and modeling of conventional PV system is described in the previous 
section. Now, the modeling and control of smart PV inverter is described in the following 
sections.  
 
It was pointed out that increase in penetration of PV systems in distribution systems is 
limited due to issues pointed in section 1.2. One of the most direct approaches to solve 
some of these issues and increase the penetration of PV systems is by expensive grid 
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reinforcement measures [22]. Instead, some of these issues can be solved by using the 
additional capabilities of PV inverters [22], [7].  
1.4.1 Smart PV inverter  
The additional capabilities of PV inverters that can be used to solve some of the issues 
due to increase in penetration of PV systems are called “Smart Functions” and such an 
inverter is called smart PV inverter [23], [24]. Hence, smart PV inverter refers to PV 
inverter of a PV system which performs real power control (similar to a conventional PV 
system) and also performs some additional functions. These functions are helpful in 
minimising some of the expensive grid reinforcement measures and increase the 
penetration of PV systems in distribution networks [25], [22].    
1.4.2 Control of Smart PV inverter 
The control of smart PV inverter refers to the realization of required smart inverter 
function. The following are some of the common smart inverter functions [26]: 
i) Volt/Var control: This represents the regulation of ac voltage by controlling 
the injection/absorption of reactive power of inverter 
ii) Volt/Watt control: This represents the regulation of ac voltage by controlling 
the injection/absorption of active power of inverter 
iii) Low/High Voltage Ride Through (LVRT/HVRT): This refers to control of PV 
inverter so that it stays online for a certain period of time without 
disconnecting during high or low voltage event caused by a system 
disturbance such as a fault etc.  
iv) Dynamic Reactive Current Injection: This represents the regulation of ac 
voltage by controlling the injection/absorption of reactive current of inverter 
A detailed explanation of all the smart inverter functions can be found in [26]. A brief 
explanation of the functions that are dealt with in this thesis is provided below. 
1.4.2.1 Volt/Var Control 
 One of the methods available in literature for the control of voltage rise due to active 
power feed-in by PV systems is Volt/Var (Voltage (V) / Reactive Power (Q)) control 
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[24]. In this method, the ac voltage controller of each inverter is provided with a droop 
based Volt/Var curve as shown in Figure 1.2.  
 
Figure 1.2 Typical Volt/Var Curve [26] 
With reference to Figure 1.2, the curve has the following regions namely: 
(a) Linear region with reactive power injection (capacitive) (Region 
between points (V1,Q1) and (V2,Q2))  
(b) Linear region with reactive power absorption (inductive) (Region 
between points (V3,Q3) and (V4,Q4)) 
(c) Dead band region with zero reactive power injection / absorption 
(Region between points (V2,Q2) and (V3,Q3)) 
(d) Saturation region with constant reactive power injection (Region after 
(V1,Q1) ) 
(e) Saturation region with constant reactive power absorption (Region 
after (V4,Q4) ) 
The points in the Volt/Var curve can be chosen according to the distribution feeder 
characteristics and grid code to be followed. The curve can be configured with or without 
a dead band region based on the required voltage level and reactive power consumption. 
 
 
 
 
 
 
 
Capacitive Q (VAr) 
V (pu) 
(V1,Q1) 
(V2,Q2) 
(V3,Q3) 
(V4,Q4) 
(V=1 pu) 
Inductive Q (VAr) 
8 
 
The slope of linear region of the curve can be decided based on the required reactive 
power to mitigate the voltage rise caused by active power feed-in of PV systems. 
1.4.2.2 Dynamic Reactive Current Injection 
Dynamic reactive current injection is one of the methods available for PV inverters to 
mitigate issues related to dynamic variations in voltage such as voltage flicker, to provide 
voltage support during LVRT etc. It is one of the methods in which the PV system 
utilizes its remaining reactive power capacity (if available) to control the voltage. If 
required, the PV system has to curtail some of its active power to free some room for 
reactive power and then perform voltage control [26]. This is utilized in conjunction with 
other steady state reactive power controls. The characteristic of dynamic reactive current 
injection is shown in Figure 1.3 [26]. The voltage deviation is the error between reference 
and the actual value of voltage. The Reference voltage is the moving average voltage that 
exists over a period of time before the occurrence of voltage deviation. The slope of the 
curve determines the magnitude of capacitive or inductive reactive current injected for a 
particular voltage deviation. The dead band is the region where no reactive current is 
injected and is usually chosen depending on the allowable value of voltage deviation. The 
characteristic namely the slope of curve and dead-band region will vary depending on the 
application.  
 
Figure 1.3 Characteristic of dynamic reactive current injection [26] 
 
 
 
 
 
 
 
 
 
Capacitive Reactive 
current (A) 
Voltage deviation (V) (0) 
Inductive Reactive 
current (A) 
Dead-band  
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1.4.2.3 Low Voltage Ride Through (LVRT) 
Low Voltage Ride Through is the capability of a PV system to stay online for a certain 
period of time without disconnecting during a low voltage event caused by a system 
disturbance such as a fault etc. This was initially the requirement for distributed 
generators connected to transmission systems but has now become a requirement for MV 
distribution systems [7]. The requirement is needed to ensure that the generators stay 
online during the disturbance and ready to supply power after the disturbance so that the 
issues due to sudden trip of PV systems can be minimized (For instance, high loss of 
power after the disturbance is averted [10]).  
 
Present grid codes also require the PV systems to supply reactive power when they are 
performing the ride-through operation. This is required in order to stabilize the voltage 
level of the grid during fault and thereby prevent loss of other distributed generators 
etc.[27]. The reactive power injection has been defined in various grid codes by using a 
relation between the voltage dip during fault and the magnitude of reactive current to be 
injected. The characteristic defined by German grid code has been adopted in this thesis 
[28] as shown in Figure 1.4.   
 
The relation between reactive current and voltage of Figure 1.4 can be implemented using 
dynamic reactive current injection function of smart PV inverter [12], [27].  
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Figure 1.4 LVRT Characteristics as per German grid code [28]  
1.4.3 Modelling of Smart PV Inverter 
The model of a smart PV inverter incorporates the features of a conventional PV system 
and includes other components, depending on the smart functions to be implemented. The 
use of a smart PV inverter for voltage control is studied in this thesis and hence, the 
model with voltage control functionality is utilized for studies.  
 
In general, a large PV power plant consists of a number PV inverters connected in 
parallel. A size and number of PV inverters used in a PV power plant will depend on its 
rating. For large power system studies, the entire PV power plant is represented by a 
single equivalent PV system [12]. A generic model of such a PV system with point of 
common coupling (PCC) voltage control capability has been proposed by WECC 
Renewable Energy Modeling Task Force [29], [12]. Qualitatively, it is basically an 
extension of the model proposed in [17] for unity power factor of operation of a 
conventional PV system. This represents the model of a smart PV inverter with voltage 
control functionality and is shown in Figure 1.5.  
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Figure 1.5 Model of a Smart PV Inverter
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The quantities and variables presented in Figure 1.5 are described as follows: 𝑃𝑑𝑑 is the 
DC link capacitance, 𝑉𝑑𝑑 is the DC link voltage of PV system, 𝑉𝑟 is the inverter terminal 
voltage, 𝑅𝑓 is the sum of equivalent ON state resistance of power electronic component 
used in photovoltaic inverter and damping resistor of low pass filter, 𝐿𝑓 is filter 
inductance, 𝑃𝑓 is filter capacitance, 𝑅𝑑 is also a damping resistor of low pass filter, 𝐾𝑟 is 
the inverter output current,  𝑉𝑑 is the voltage at the output of filter, 𝐾𝑠1 is the output 
current of coupling transformer, 𝑉𝑠1 is voltage at the output of coupling transformer (PCC 
voltage), 𝐿𝑟 is the equivalent leakage inductance of coupling transformer, 𝜌 is angle 
reference generated by phase locked loop (PLL) to synchronize PV system with the 
frequency of PCC which is represented by 𝜔. 𝜌  is also required for conversion of signals 
from abc to dq frame [18]. The signals with subscripts abc and dq represent the 
corresponding signals in the respective frames.  
A detailed description of the functioning of different components of Figure 1.5 can be 
found in [18], [17] and is also presented in chapter 2. A brief description is provided in 
this section. The dc-link voltage controller compares the dc-link voltage 𝑉𝑑𝑑 with its 
reference 𝑉𝑑𝑑𝑟𝑝𝑓 and generates the real current reference 𝐾𝑟𝑑𝑟𝑝𝑓. This eventually controls 
the real power output of PV system. The PCC voltage controller compares the PCC 
voltage with its reference 𝑉𝑝𝑑𝑑𝑟𝑝𝑓 and generates the reactive current reference 𝐾𝑟𝑥𝑟𝑝𝑓. This 
eventually controls the reactive power output of PV system. The current controller           
(which controls inverter real current 𝐾𝑟𝑑 and reactive current 𝐾𝑟𝑥) generates the 
modulation index signals 𝑚𝑑𝑥 which eventually generate the sinusoidal pulse width 
modulation (PWM) signals required for photovoltaic inverter operation.      
 
Having understood the overall functioning of the model of smart PV inverter, the 
implementation of smart inverter functions such as volt/var control and dynamic reactive 
current injection have to be understood.  
 
The volt/var control of smart PV inverter is implemented using a similar control structure 
proposed in [30] where the PCC voltage is regulated by controlling the inverter output 
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reactive current. The PCC voltage control structure of volt/var control is of proportional 
controller type and the speed of response is determined by the response time of reactive 
current controller which is usually in the order of seconds. It has been pointed out in [30] 
that the PCC voltage is influenced by the delays in voltage after measurement due to 
signal processing (filtering, RMS computation etc.), communication delays etc. and this 
influences the stability of volt/var control.  
 
The voltage support provided by dynamic reactive current injection during LVRT 
requires the measurement of voltage at the point of grid connection and injection of 
reactive current by PV system at the low voltage side of interconnection transformer [28]. 
This basically involves measuring the PCC voltage and controlling the reactive current 
output of PV inverter [31]. Dynamic reactive current injection can be implemented by 
using a proportional type PCC voltage controller [12]. In [27], it is shown that the voltage 
deviation is related to reactive current by a constant which can be represented by a 
proportional controller implementation. The response time of the current controller is low 
in the range of milli seconds.  
1.4.4 Need for further research on Smart PV inverter modeling 
DC-link voltage control loop and PCC voltage control loop are coupled in a distribution 
network when resistance is not negligible compared to reactance [17], [32]. The effects of 
this coupling on stability can be minimized by designing the PCC voltage controller 
bandwidth to be 2 to 10 times smaller than the dc-link voltage controller bandwidth [32]. 
But, the bandwidth of PCC voltage controller can be closer to the bandwidth of dc-link 
voltage controller for functions such as dynamic reactive current injection and this affects 
the coupling between the control loops. This coupling influences the stability of smart PV 
inverter. This issue has not been studied to the best knowledge of the author in the 
literature and hence, needs to be studied. 
The effect of delays in voltage after measurement affects the stability of Volt/Var control 
[30]. These delays arise from voltage RMS computation, filtering, communication 
(between inverter controllers or between external controller and inverter) etc. The typical 
values of these delays can usually be in the range of milli seconds. These delays 
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potentially have an effect on the stability of dynamic reactive current injection control. 
This issue has not been studied to the best knowledge of the author in the literature and 
hence, needs to be studied. 
In the smart inverter control system of Figure 1.5, grid voltage (𝑉𝑑) is used as feed-
forward signals to improve the performance of current controller [18]. These signals also 
suffer from delays after measurement. These delays in feed-forward voltage signals could 
affect the stability of smart PV inverter. This could also affect the interaction between dc-
link voltage and PCC voltage control loops. The stability of functions such as volt/var 
control, dynamic reactive current injection etc. is also influenced by this interaction. 
These issues have not been studied to the best knowledge of the author in the literature 
and hence, needs to be studied. 
For performing all the above indicated studies, a detailed linearized state space model of 
the smart PV inverter is required. The model can be used to perform eigenvalue based 
stability studies and the stability of smart PV inverter can be analyzed.  
1.5 Control of PV solar system as STATCOM (PV-
STATCOM) 
This section deals operation and control of another category of device called PV-
STATCOM whose function is similar to a Smart PV inverter. This can also be used to 
solve issues due to high penetration of PV systems.   
 
In order to understand the operation of PV-STATCOM, an introduction to STATCOM is 
necessary. STATCOM (Static Synchronous Compensator) is shunt connected reactive 
power compensation device capable of generating / absorbing reactive power. It is 
usually implemented using voltage-sourced converters [33]. Some of its applications in 
distribution systems include dynamic voltage control, voltage flicker mitigation [33], [34] 
etc.  
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PV-STATCOM deals with the application of PV system as a dynamic reactive power 
compensator (as STATCOM). This is a novel patent-pending technology that has been 
developed in [35], [36].  
1.5.1 Concept of PV-STATCOM 
The PV-STATCOM operates in three modes of operation namely [37], 
a) Full PV mode: The PV-STATCOM system supplies only real power and zero 
reactive power. This is similar to the operation of conventional PV system.   
b) Partial PV-STATCOM mode: The PV-STATCOM supplies real power and 
utilizes the remaining available free inverter capacity for reactive power control.  
c) Full STATCOM mode:  The PV-STATCOM curtails its real power completely 
and acts as a STATCOM with full reactive power capacity. 
1.5.2 Applications of PV-STATCOM 
The reactive power capability of PV-STATCOM has also been used to solve some issues 
due to high PV penetration similar to a Smart PV inverter. In [36], it has been shown that 
the power transfer capability of transmission lines can be increased by using PV-
STATCOM. In [38], it has been shown that the PV-STATCOM can perform voltage 
regulation and power factor correction in a distribution network. In [39], the application 
of PV-STATCOM for preventing the voltage instability of a critical induction motor load 
is shown. In [40], it has been shown that the PV-STATCOM can be used for mitigating 
temporary over-voltage. 
1.5.3 Control of PV-STATCOM 
The applications such as voltage regulation, temporary over-voltage mitigation etc. 
requires the PV-STATCOM to operate in PCC voltage control mode. For these 
applications, the control of PV-STATCOM is similar to a STATCOM.  
 
The PCC voltage control structure of a STATCOM is usually a PI compensator [41], 
[18]. The dynamic V-I droop characteristic can be chosen depending on the application 
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[33]. This PI compensator based PCC control strategy has also been utilized for PV-
STATCOM control in [36].  
1.5.4 Need for further research on PV-STATCOM modeling 
The overall model of a PV-STATCOM utilized for PCC voltage control can also be 
considered to be similar to a model of smart PV inverter shown in Figure 1.5. The only 
difference is that the PCC voltage control structure is a PI controller with a V-I droop 
characteristic. This also shows that functions such as volt/var control, dynamic reactive 
current injection can also be implemented using a PV-STATCOM.   
 
All the issues pointed out in section 1.4.4 also need to be studied for PV-STATCOM 
controls. These issues need to be studied in all three modes of operation of a PV-
STATCOM.  For this purpose, a detailed linearized model of PV-STATCOM needs to be 
developed.  
1.6 Scope of thesis 
A number of issues which requires further research are pointed out in section 1.4.4 and 
section 1.5.4. This thesis deals with study of one of the issues which is interaction 
between dc-link voltage control loop and PCC voltage control loop due to delays in feed-
forward grid voltage signals of PV inverter control system. In order to study this issue, a 
detailed linearized state space model of PV system with voltage control functionality is 
required. There are some detailed state space models for PV system with voltage control / 
reactive power control functionality available in literature [42], [43] and [44]. To the best 
knowledge of the author, there is no model available in the literature that can be used to 
perform studies on interaction between dc-link voltage and PCC voltage control loops 
due to delays in feed-forward grid voltage signals. The development of such a detailed 
model is one of the main contributions of this thesis. The developed model will be used 
to study this interaction in all three modes of operation of PV-STATCOM. 
It is pointed that smart inverter functions such as volt/var control, dynamic reactive 
current injection can be implemented using both smart PV inverter controls (proportional 
type PCC voltage controller) and PV-STATCOM controls (PI type PCC voltage 
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controller). The interaction between dc-link voltage and PCC voltage control loops due to 
delays in feed-forward grid voltage signals exists for both smart PV inverter controls and 
PV-STATCOM controls. Hence, eigenvalue sensitivity analysis to control system 
parameters [45], [30] is utilized to compare the performance of both smart PV inverter 
and PV-STATCOM controls in the presence of this interaction.  
The results of the eigenvalue analysis are further substantiated by comparing the 
performance of smart PV inverter controls and PV-STATCOM controls when the PV 
system is performing voltage control for mitigating issues due to high PV penetration 
such as voltage flicker and transient voltage changes due to fault.        
1.7 Objectives of Thesis 
The objectives of thesis are as follows: 
 
1. To develop a detailed linearized state space model of PV-STATCOM which is capable 
of operating in all three modes of operation of PV-STATCOM and with which the 
performance of Smart PV inverter controls can be studied. 
 
2. To perform Eigenvalue sensitivity analysis and, compare the performance of smart PV 
inverter controls and PV-STATCOM controls in the presence of interaction between dc-
link voltage and PCC voltage control loops due to delays in feed-forward voltage signals.  
 
3. To compare the stability of smart PV inverter function namely dynamic reactive 
current injection when implemented using PV-STATCOM controls and Smart PV 
inverter controls for the following cases: 
 
 Voltage Control during system disturbances: For mitigating voltage flicker due to 
sudden change in irradiance for a single PV system and two PV systems 
 
 Voltage Control during large system disturbances: For performing voltage support 
during LVRT with single PV system and two PV systems  
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The simulations in this thesis are carried out using MATLAB and PSCAD / EMTDC 
softwares. The tools of MATLAB are also used for controller design and all other studies 
carried out in this thesis.   
1.8 Thesis Outline 
Chapter 1 provides an overview of challenges due to high PV penetration faced in 
distribution networks with regard to grid integration of PV systems. The application of 
Smart PV inverter and PV-STATCOM to mitigate some of the issues is presented. The 
issues that need to be studied and the need for a detailed state space model of PV system 
with voltage control functionality for stability studies are highlighted. The scope and 
objectives of this thesis are developed and are stated.  
Chapter 2 presents a detailed modeling of various subsystems of a Solar Photovoltaic 
(PV) farm operating as a PV-STATCOM which is connected to a realistic distribution 
feeder. The nonlinear mathematical model of the entire system is first developed and is 
then linearized for performing small signal stability studies. The linearized models of PV-
STATCOM in different modes of operation are presented. 
Chapter 3 deals with the design of various controllers of PV-STATCOM operating under 
Full PV, Partial PV-STATCOM and Full STATCOM modes. The various controllers are 
designed based on linear control techniques and Eigenvalue sensitivity analysis studies.  
The model of PV-STATCOM operating in all three modes is then validated by 
comparing the linearized and PSCAD / EMTDC model responses. Under partial PV-
STATCOM operation, an interaction between dc-link voltage control loop and PCC 
voltage control loop is pointed out by eigenvalue and participation factor analysis studies.  
A comparative Eigenvalue sensitivity analysis study is carried out to understand the range 
of various parameters that affect the stability PCC voltage controller in the presence of 
this interaction.   
Chapter 4 deals with the application of partial PV-STATCOM for performing voltage 
control during system disturbance which is a voltage flicker due to irradiance change. 
The performance of three types of voltage control strategies namely proportional 
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controller based dynamic reactive current injection, Volt/Var control and PI controller 
based dynamic reactive current injection are compared under the condition of worst-case 
scenario for the interaction between dc-link voltage control loop and PCC voltage control 
loop. The studies are initially performed with a single PV system performing voltage 
control. They are later extended to the case where there are two similar PV systems 
performing simultaneous voltage control to mitigate voltage flicker.   
Chapter 5 deals with the application of partial PV-STATCOM and full STATCOM to 
perform voltage control during large system disturbance which is introduced by a three 
phase fault. The ability of PV system to ride-through and provide stable voltage support 
during the fault and to continue providing stable voltage support post fault is studied. The 
performance of three types of voltage control strategies namely proportional controller 
based dynamic reactive current injection, PI controller based dynamic reactive current 
injection and PV system operating in Full STATCOM mode are compared under the 
condition of worst-case scenario for the interaction between dc-link voltage control loop 
and PCC voltage control loop. The studies are initially performed with a single PV 
system. They are later extended to the case where there are two similar PV systems 
performing simultaneous voltage support during and post faults. Also, the effect of X/R 
ratio of distribution feeder on the effectiveness of PCC voltage control is compared when 
two PV systems inject only reactive power and, a combination of active and reactive 
powers during voltage support.  
Chapter 6 concludes this thesis work and also provides recommendations for further 
research.  
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Chapter 2  
2 MODELING OF PV-STATCOM 
2.1 Introduction 
This chapter presents a detailed modeling of various subsystems of a Solar Photovoltaic 
(PV) farm operating as a PV-STATCOM which is connected to a realistic distribution 
feeder. The nonlinear mathematical model of the entire system is first derived in space 
phasor domain and transformed into synchronous dq frame. The nonlinear model is then 
linearized by using Taylor series expansion method for performing small signal voltage 
stability studies.  The linearized model of PV-STATCOM operating in different modes of 
operation (namely Full PV, Partial PV-STATCOM and Full-STATCOM) is then 
explained in detail. 
2.2 Study System Description 
A realistic medium voltage distribution feeder is used to represent the distribution 
network which is used as a study system in this thesis. The system data is adapted from 
an actual Hydro One distribution feeder in Ontario [40]. The data for the study system is 
provided in Appendix B. The distribution feeder is connected to the substation grid 
through a step up substation transformer. The load on the feeder is represented by a 
constant RL load, representing the peak load on the feeder during day time. The study 
system with one PV-STATCOM is shown in Figure 2.1. The modeling of this system is 
first carried out and then, stability studies are performed. Studies are later extended to the 
case where there two PV-STATCOMs as shown in Figure 2.2 in chapters 4 and 5.  
With reference to Figure 2.2, it should be noted that the actual Hydro One distribution 
feeder contains one 8.5 MW PV system and one 9.9 MW wind power system [40]. But, 
the wind power system is replaced by a PV system of same rating in chapters 4 and 5 for 
simulation studies. This has been performed only for the sake of studies in this thesis as 
the scope of this thesis is restricted to studies with PV systems.  
21 
 
Substation 
Grid 
Supply
Substation 
Transformer
LoadPV-
STATCOM 1
Line 1 Line 2 Line 3
 
Figure 2.1 Study System with one PV-STATCOM 
2.3 Distribution Network Subsystem 
The distribution network subsystem consists of the substation grid supply, substation 
transformer, distribution line and the feeder load. This subsystem is referred to as 
subsystem 1 in this thesis. The modeling of each component [40] is explained in detail in 
the following sections. 
Substation 
Grid 
Supply
Substation 
Transformer
LoadPV-
STATCOM 1
Line 1 Line 2 Line 3
PV-
STATCOM 2  
Figure 2.2 Study System with two PV-STATCOMs 
2.3.1 Substation Grid Modeling 
The Grid feeding the distribution line is modeled as a voltage source behind source 
impedance as shown in Figure 2.3. The source impedance consists of equivalent short –
circuit resistance 𝑅𝑔 and equivalent short-circuit inductance 𝐿𝐺 . The source voltage is 
denoted by 𝑉𝑔.  
2.3.2 Substation Transformer Modeling 
A step down transformer is used to interconnect the grid that supplies power at a high 
voltage level with the distribution network at a low voltage level. The equivalent circuit 
of the transformer consists of series and shunt parameters. The shunt parameters, which 
include the shunt resistance and inductance, represent the fixed loss (eddy current and 
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hysteresis losses) and core flux respectively. The series parameters which include the 
series resistance and inductance represent the copper loss and leakage flux of the 
windings respectively. The shunt parameters are very high and hence, are neglected for 
overall power system analysis. The copper losses are negligible when compared to the 
network losses and hence, the series resistance is also neglected. Hence, the transformer 
is modelled as an ideal transformer in series with its leakage inductance  𝐿𝑟𝑡 and is 
shown in Figure 2.4.  
𝐿𝐺  𝑅𝑔  
𝑉𝑔  
 
Figure 2.3 Substation Grid Model 
2.3.3 Distribution Line Modeling 
Electrical parameters of a distribution line are based on size of conductors and their 
configuration. The medium voltage distribution line is represented by a lumped 
equivalent π circuit model. The series parameters include the series resistance R and 
series inductance L. The shunt parameters include the conductance and capacitance C. 
The shunt conductance is negligible for overhead lines. The resulting equivalent π circuit 
model is used to represent each distribution line and is shown in Figure 2.5. The 
parameters are given by: 
 
𝑅 = 𝑑 ∗ 𝑙 (2.1)  
 𝐿 = 𝑥𝑝 ∗ 𝑙2 ∗ 𝜋 ∗ 𝑓𝑠 (2.2)  
 𝑃 = 𝑙 ∗ 𝑏2 ∗ 𝜋 ∗ 𝑓𝑠 (2.3)  
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Where, l is the line length, 
 𝑓𝑠 is the frequency of the grid supply, 
r , 𝑥𝑝, b is the resistance, reactance and susceptance per unit length of the distribution line 
respectively.  
𝐿𝑡𝑚  
Ideal 
Transformer 
 
Figure 2.4 Substation Transformer Model 
2.3.4 Load Modeling 
The load in a distribution network consists of various types of heating, lighting and motor 
loads. Each load has a different performance characteristic. The equivalent characteristic 
of the load viewed from medium voltage side (secondary of the feeder step down 
transformer) will be obtained by the net effect of all loads. The net active and reactive 
powers of a load are affected by the system voltage and frequency from the network side 
[46]. 
In this thesis, the load is modeled as a constant impedance load as shown in Figure 2.6. 
The series resistance  𝑅𝐿  and series inductance  𝐿𝐿 represent the active power and 
reactive power of the load at nominal voltage respectively. The load is considered to be 
lumped at the receiving end of the feeder.  
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Figure 2.5 Distribution Line Model 
𝐿𝐿  𝑅𝐿  
 
Figure 2.6 Load Model 
2.3.5 State Space Model 
The circuit model of the network shown in Figure 2.1 is given in Figure 2.7. The various 
electrical parameters are defined as follows: 
𝑅𝑔 and 𝐿𝐺 : Equivalent short circuit grid resistance and inductance respectively 
𝐿𝑟𝑡  : transformer leakage inductance referred to grid side 
𝑥1  : transformer turns ratio 
𝑅1, 𝐿1,𝑃1,𝑃2 :  Resistance, Inductance and leakage capacitance of the distribution line 
between buses 1 and 2 (Line 1) 
𝑅2, 𝐿2,𝑃3,𝑃4 :  Resistance, Inductance and leakage capacitance of the distribution line 
between buses 2 and 3 (Line 2) 
𝑅3, 𝐿3,𝑃5,𝑃6 :  Resistance, Inductance and leakage capacitance of the distribution line 
between buses 3 and 4 (Line 3) 
𝑅𝐿 and 𝐿𝐿 :  Load resistance and inductance respectively 
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𝜔 :  Angular frequency of the grid supply 
The various voltages and currents in space phasor domain are defined as follows: 
𝑉𝑔 and 𝐾𝑔  : Grid voltage and current respectively 
𝑉𝑔� ∶ Peak value of the grid voltage. 
𝜔𝑜 :  Steady state angular frequency of the grid supply 
𝑉1,𝑉𝑠1,𝑉𝑠2 and 𝑉𝐿: Voltage at bus 1, 2, 3 and 4 respectively. 
𝐾1  : Current flowing into bus 1. 
𝐾12  : Current flowing between bus 1 and 2 through 𝑅1 and 𝐿1  
𝐾23  : Current flowing between bus 2 and 3 through 𝑅2 and 𝐿2 
𝐾34  : Current flowing between bus 3 and 4 through 𝑅3 and 𝐿3 
𝐾𝑠1    : Current flowing into bus 2  
𝐾𝑠2    : Current flowing into bus 3 (not shown in figure) due to other renewable energy 
sources. It is considered to be zero for studies with one PV-STATCOM 
𝐾𝐿  : Current flowing out of bus 4 
The grid inductance and substation transformer leakage inductance can be combined and 
represented by an equivalent inductance 𝐿𝑔. Capacitances 𝑃2 and 𝑃3 can be combined, 
and represented by an equivalent capacitance 𝑃23. The same applies to capacitances 𝑃4 
and 𝑃5, and the equivalent capacitance is given by 𝑃45. Hence, the circuit in Figure 2.7 
can be simplified as shown in Figure 2.8. 
The space phasor equations that govern the dynamics of substation grid, substation 
transformer, distribution line and load are as follows, 
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𝑉𝚤1��⃗
𝑉𝑡
=  𝑥1
𝐿𝑔
𝑉𝑔���⃗ −  𝑥12𝐿𝑔 𝑉1���⃗ −  𝑅𝑔𝐿𝑔 𝚤1��⃗   (2.4)  
 𝑉𝑉1
���⃗
𝑉𝑡
=  1
𝑃1
𝚤1��⃗ −  1𝑃1 𝚤12�����⃗  (2.5)  
 
𝑉𝚤12�����⃗
𝑉𝑡
=  1
𝐿1
𝑉1���⃗ −  1𝐿1 𝑉𝑠1�����⃗ − 𝑅1𝐿1 𝚤12�����⃗  (2.6)  
 𝑉𝑉s1
�����⃗
𝑉𝑡
=  1
𝑃23
𝚤𝑠1����⃗ + 1𝑃23 𝚤12�����⃗ − 1𝑃23 𝚤23�����⃗  (2.7)  
 
𝑉𝚤23�����⃗
𝑉𝑡
=  1
𝐿2
𝑉𝑠1�����⃗ −  1𝐿2 𝑉𝑠2�����⃗ − 𝑅2𝐿2 𝚤23�����⃗  (2.8)  
 𝑉𝑉s2
�����⃗
𝑉𝑡
=  1
𝑃45
𝚤23�����⃗ + 1𝑃45 𝚤𝑠2����⃗ − 1𝑃45 𝚤34�����⃗  (2.9)  
 
𝑉𝚤34�����⃗
𝑉𝑡
=  1
𝐿3
𝑉𝑠2�����⃗ −  1𝐿3 𝑉𝐿���⃗ − 𝑅3𝐿3 𝚤34�����⃗  (2.10)  
 𝑉𝑉𝐿
���⃗
𝑉𝑡
=  1
𝑃6
𝚤34�����⃗ −  1𝑃6 𝚤𝐿���⃗  (2.11)  
 𝑉𝚤𝐿���⃗
𝑉𝑡
=  −𝑅𝐿
𝐿𝐿
𝚤𝐿���⃗ + 𝑉𝐿���⃗𝐿𝐿 (2.12)  
The state space modeling and analysis of the entire system is performed in dq frame. 
Analysis in dq frame is advantageous since it involves transformation of signals and 
variables to equivalent DC quantities [18]. A space phasor 𝑓 ���⃗ can be expressed in dq 
frame as [18]  
 𝑓=  (𝑓𝑑 + 𝑗𝑓𝑥)𝑑𝑗𝑗(𝑟)  (2.13)  
Where 𝑓𝑑 and 𝑓𝑥 are the space phasor dq frame components of space phasor 𝑓 ���⃗ , 𝜌(𝑡) is 
the reference angle of dq frame.  
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            Figure 2.7 Circuit Model of the Study System 
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              Figure 2.8 Simplified Circuit Model of the Study System
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Using (2.13), the space phasor equations in (2.4) - (2.12) are expressed in dq frame and 
the equations are presented below. 
 
𝑉𝐾1𝑑
𝑉𝑡
=  𝑥1
𝐿𝑔
𝑉𝑔� cos(𝜔𝑜𝑡 − 𝜋2 − 𝜌) −  𝑥12𝐿𝑔 𝑉1𝑑 −  𝑅𝑔𝐿𝑔 𝐾1𝑑 +  𝜔𝐾1𝑥 (2.14)  
 
 
 
𝑉𝐾1𝑥
𝑉𝑡
=  𝑥1
𝐿𝑔
𝑉𝑔� sin(𝜔𝑜𝑡 − 𝜋2 − 𝜌) −  𝑥12𝐿𝑔 𝑉1𝑥 −  𝑅𝑔𝐿𝑔 𝐾1𝑥 −  𝜔𝐾1𝑑 
 
(2.15)  
 
𝑉𝑉1𝑑
𝑉𝑡
=  𝐾1𝑑
𝑃1
−  𝐾12𝑑
𝑃1
+  𝜔𝑉1𝑥 (2.16)  
 
𝑉𝑉1𝑥
𝑉𝑡
=  𝐾1𝑥
𝑃1
−  𝐾12𝑥
𝑃1
−  𝜔𝑉1𝑑 (2.17)  
 
𝑉𝐾12𝑑
𝑉𝑡
=  𝑉1𝑑
𝐿1
−
𝑉𝑠1𝑑
𝐿1
−  𝑅1
𝐿1
𝐾12𝑑 +  𝜔𝐾12𝑥 (2.18)  
 
𝑉𝐾12𝑥
𝑉𝑡
=  𝑉1𝑥
𝐿1
−
𝑉𝑠1𝑥
𝐿1
−  𝑅1
𝐿1
𝐾12𝑥 −  𝜔𝐾12𝑑 (2.19)  
 
𝑉𝑉𝑠1𝑑
𝑉𝑡
=  𝐾𝑠1𝑑
𝑃23
+ 𝐾12𝑑
𝑃23
−
𝐾23𝑑
𝑃23
+  𝜔𝑉𝑠1𝑥 (2.20)  
 
𝑉𝑉𝑠1𝑥
𝑉𝑡
=  𝐾𝑠1𝑥
𝑃23
+ 𝐾12𝑥
𝑃23
−
𝐾23𝑥
𝑃23
−  𝜔𝑉𝑠1𝑑 (2.21)  
 
𝑉𝐾23𝑑
𝑉𝑡
=  𝑉𝑠1𝑑
𝐿2
−
𝑉𝑠2𝑑
𝐿2
−  𝑅2
𝐿2
𝐾23𝑑 +  𝜔𝐾23𝑥 (2.22)  
 
𝑉𝐾23𝑥
𝑉𝑡
=  𝑉𝑠1𝑥
𝐿2
−
𝑉𝑠2𝑥
𝐿2
−  𝑅2
𝐿2
𝐾23𝑥 −  𝜔𝐾23𝑑 (2.23)  
 
𝑉𝑉𝑠2𝑑
𝑉𝑡
=  𝐾23𝑑
𝑃45
+ 𝐾𝑠2𝑑
𝑃45
−
𝐾34𝑑
𝑃45
+  𝜔𝑉𝑠2𝑥 (2.24)  
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𝑉𝑉𝑠2𝑥
𝑉𝑡
=  𝐾23𝑥
𝑃45
+ 𝐾𝑠2𝑥
𝑃45
−
𝐾34𝑥
𝑃45
−  𝜔𝑉𝑠2𝑑 (2.25)  
 
𝑉𝐾34𝑑
𝑉𝑡
=  𝑉𝑠2𝑑
𝐿3
−
𝑉𝐿𝑑
𝐿3
−  𝑅3
𝐿3
𝐾34𝑑 +  𝜔𝐾34𝑥 (2.26)  
 
 
𝑉𝐾34𝑥
𝑉𝑡
=  𝑉𝑠2𝑥
𝐿3
−
𝑉𝐿𝑥
𝐿3
−  𝑅3
𝐿3
𝐾34𝑥 −  𝜔𝐾34𝑑 (2.27)  
 
𝑉𝑉𝐿𝑑
𝑉𝑡
=  𝐾34𝑑
𝑃6
−
𝐾𝐿𝑑
𝑃6
+  𝜔𝑉𝐿𝑥 (2.28)  
 
𝑉𝑉𝐿𝑥
𝑉𝑡
=  𝐾34𝑥
𝑃6
−
𝐾𝐿𝑥
𝑃6
−  𝜔𝑉𝐿𝑑 (2.29)  
 
𝑉𝐾𝐿𝑑
𝑉𝑡
=  −𝑅𝐿
𝐿𝐿
𝐾𝐿𝑑 + 𝑉𝐿𝑑𝐿𝐿 +  𝜔𝐾𝐿𝑥 (2.30)  
 
𝑉𝐾𝐿𝑥
𝑉𝑡
=  −𝑅𝐿
𝐿𝐿
𝐾𝐿𝑥 + 𝑉𝐿𝑥𝐿𝐿 −  𝜔𝐾𝐿𝑑 (2.31)  
Equations (2.14) - (2.31) constitute a state space model for the distribution network 
subsystem. The dq frame reference angle 𝜌 in (2.14) and (2.15) can be generated by the 
phase locked loop (PLL) of the PV system and synchronized with the dq frame of PV-
STATCOM.   
The phase 𝜋
2
 in (2.14) and (2.15) is required for compensating the static phase difference 
between the PLL angle and the grid voltage angle. It is due to the conversion from 
sinusoidal voltage source to cosine voltage source. The following are the state variables 
and inputs:  
State Variables:  𝐾1𝑑 , 𝐾1𝑥 ,𝑉1𝑑 ,𝑉1𝑥 , 𝐾12𝑑 , 𝐾12𝑥 ,𝑉𝑠1𝑑 ,𝑉𝑠1𝑥 , 𝐾23𝑑 , 𝐾23𝑥 ,𝑉𝑠2𝑑 ,𝑉𝑠1𝑥 , 𝐾34𝑑 , 𝐾34𝑥 ,𝑉𝐿𝑑 ,𝑉𝐿𝑥, 𝐾𝐿𝑑  and 𝐾𝐿𝑥. 
Inputs: 𝑉𝑔� , 𝐾𝑠1𝑑 , 𝐾𝑠1𝑥, 𝐾𝑠2𝑑 ,𝜌 and 𝐾𝑠2𝑥 
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2.4 PV-STATCOM : PV Subsystem  
The PV-STATCOM unit further consists of two subsystems namely PV subsystem and 
Controller Subsystem. The PV subsystem consists of photovoltaic panel array, inverter, 
filter and coupling transformer as shown in Figure 2.9. This subsystem is referred to as 
subsystem 2. The modeling of each component is explained in detail in the following 
sections. First, the modeling of PV subsystem is discussed in this section. The models 
have been adopted from [17], [18] and [47]. 
AC
PHOTOVOLTAIC 
INVERTER
𝑉𝑃1 
𝑃𝑓  
𝑃𝑉𝑉  PV SOLAR ARRAY
𝐿𝑡  𝐾𝑝1 
𝐿𝑓  𝑅𝑓  
𝑅𝑉  
𝐾𝑡  𝑉𝑡  
𝐼𝑝𝑝  
𝑉𝑉𝑉  
Y/∆ 
 
Figure 2.9 Circuit Model of PV Subsystem 
2.4.1 Photovoltaic Panel Array 
The Photovoltaic (PV) panel array consists of a number of PV panels in series and 
parallel to make up for the required capacity of PV power system. Each PV panel consists 
of a number of PV cells in series and parallel.  
The expression for a PV Panel output current is given by [47]: 
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𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝
= [𝑛𝑠𝐼𝑆𝑆(𝑆𝑆𝑆){1 + 𝐾𝑖(𝑇 − 𝑇𝑠)}{𝑅𝑠ℎ + 𝑅𝑠} − 𝑛𝑝𝑉𝑜𝑑][𝑑𝑥𝑉𝑜𝑜(𝑆𝑆𝑆){1+𝐾𝑣(𝑆−𝑆𝑠)}𝑝𝑛𝑆𝑝𝑠 − 1]𝐺
𝑛𝑠𝑅𝑠ℎ[𝑑𝑥𝑉𝑜𝑜(𝑆𝑆𝑆){1+𝐾𝑣(𝑆−𝑆𝑠)}𝑝𝑛𝑆𝑝𝑠 − 𝑑𝑥𝐼𝑠𝑜(𝑆𝑆𝑆){1+𝐾𝑖(𝑆−𝑆𝑠)}𝑅𝑠𝑝𝑛𝑆𝑝𝑝 ]𝐺𝑝𝑜𝑡
−  [𝑛𝑠𝐼𝑆𝑆(𝑆𝑆𝑆){1 + 𝐾𝑖(𝑇 − 𝑇𝑠){𝑅𝑠ℎ + 𝑅𝑠} − 𝑛𝑝𝑉𝑜𝑑][𝑑𝑥�𝑝𝑝𝑉𝑝𝑣𝑝𝑝𝑝𝑝𝑝+𝑝𝑠𝐼𝑝𝑣𝑝𝑝𝑝𝑝𝑝𝑅𝑠�𝑝𝑛𝑆𝑝𝑠𝑝𝑝 − 1]
𝑛𝑠𝑅𝑠ℎ �𝑑
𝑥𝑉𝑜𝑜(𝑆𝑆𝑆){1+𝐾𝑣(𝑆−𝑆𝑠)}
𝑝𝑛𝑆𝑝𝑠 − 𝑑
𝑥𝐼𝑠𝑜(𝑆𝑆𝑆){1+𝐾𝑖(𝑆−𝑆𝑠)}𝑅𝑠
𝑝𝑛𝑆𝑝𝑝 �
+ 𝐺𝑛𝑝𝑉𝑜𝑑(𝑆𝑆𝑆){1 + 𝐾𝑝(𝑇 − 𝑇𝑠)}
𝑛𝑠𝑅𝑠ℎ𝐺𝑝𝑜𝑡
−  �𝑛𝑝𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝑛𝑠𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑅𝑠�
𝑛𝑠𝑅𝑠ℎ
                                                                                             (2.32) 
Where,                             
𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the output current of a PV panel, 𝐼𝑆𝑆(𝑆𝑆𝑆) is the panel short circuit current at 
Standard Test Conditions (STC), 𝐾𝑖 is the temperature coefficient of PV short circuit 
current, 𝑇 is the operating temperature of the PV panel,  𝑇𝑠 is the standard temperature at 
STC, 𝑛𝑠 is the number of cells in series per panel, 𝑛𝑝 is the number of cells in parallel per 
panel, 𝑅𝑠ℎ is the equivalent shunt resistance of each cell, 𝑅𝑠 is the equivalent series 
resistance of each cell, 𝑉𝑜𝑑 is the open circuit voltage of a PV panel, 𝑞 is the charge of an 
electron, 𝑉𝑜𝑑(𝑆𝑆𝑆) is the open circuit voltage of a PV panel at STC, 𝐾𝑝 is the temperature 
coefficient of PV open circuit voltage, 𝐺 is the solar radiation, 𝑛 is the diode ideality 
factor, 𝑘 is the Boltzmann’s constant, 𝐺𝑝𝑜𝑡 is the solar radiation at STC, 𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝  is the 
output voltage of a PV panel. 
The output voltage and output current of the PV array is given by: 
 Type equation here. (2.32)  
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 𝐼𝑝𝑝 =  𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝑁𝑝 (2.33)  
 𝑉𝑝𝑝 =  𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∗ 𝑁𝑠 (2.34)  
Where 𝐼𝑝𝑝 is the output current of the PV array, 𝑉𝑝𝑝 is the output voltage of the PV array, 
𝑁𝑠 is the number of panels in series,  𝑁𝑝 is the number of panel series strings in parallel.  
The expression for a PV array output current can be found by substituting (2.33) and 
(2.34) in (2.32). The expression for PV array output current is given by,  
 𝐼𝑝𝑝 =  𝑎1𝐺 −  𝑎2{𝑑𝑝3𝑉𝑝𝑣+𝑝4𝐼𝑝𝑣 − 1} −  𝑎5𝑉𝑝𝑝 (2.35)  
Where,   
 𝑎1 = 𝑁𝑝𝐼𝑝ℎ𝑥𝐾1 ∗ 1000 (2.36)  
 𝑎2 = 𝑁𝑝𝐼𝑜𝑥𝐾1 ∗ 1000 (2.37)  
 𝑎3 = 1000 ∗ 𝑞𝑛𝑘𝑇𝑛𝑠𝑁𝑠 (2.38)  
 𝑎4 = 1000 ∗ 𝑞𝑅𝑠𝑛𝑘𝑇𝑛𝑝𝑁𝑝  (2.39)  
 𝑎5 = 𝑛𝑝𝑁𝑝1000 ∗ 𝑁𝑠𝑛𝑠𝑅𝑠ℎ𝐾1 (2.40)  
 𝐾1 = 1 + 𝑅𝑠𝑅𝑠ℎ (2.41)  
  (2.42)  
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𝐼𝑝ℎ𝑥
=  [𝑛𝑠𝐼𝑆𝑆(𝑆𝑆𝑆){1 + 𝐾𝑖(𝑇 − 𝑇𝑠)}{𝑅𝑠ℎ + 𝑅𝑠} − 𝑛𝑝𝑉𝑜𝑑][𝑑𝑥𝑉𝑜𝑜(𝑆𝑆𝑆){1+𝐾𝑣(𝑆−𝑆𝑠)}𝑝𝑛𝑆𝑝𝑠 − 1]
𝑛𝑠𝑅𝑠ℎ �𝑑
𝑥𝑉𝑜𝑜(𝑆𝑆𝑆){1+𝐾𝑣(𝑆−𝑆𝑠)}
𝑝𝑛𝑆𝑝𝑠 − 𝑑
𝑥𝐼𝑠𝑜(𝑆𝑆𝑆){1+𝐾𝑖(𝑆−𝑆𝑠)}𝑅𝑠
𝑝𝑛𝑆𝑝𝑝 � 𝐺𝑝𝑜𝑡
   
+ 𝑛𝑝𝑉𝑜𝑑(𝑆𝑆𝑆){1 + 𝐾𝑝(𝑇 − 𝑇𝑠)}
𝑛𝑠𝑅𝑠ℎ𝐺𝑝𝑜𝑡
                                                                                            (2.42) 
 
 
𝐼𝑜𝑥 =  [𝑛𝑠𝐼𝑆𝑆(𝑆𝑆𝑆){1 + 𝐾𝑖(𝑇 − 𝑇𝑠){𝑅𝑠ℎ + 𝑅𝑠} − 𝑛𝑝𝑉𝑜𝑑]
𝑛𝑠𝑅𝑠ℎ �𝑑
𝑥𝑉𝑜𝑜(𝑆𝑆𝑆){1+𝐾𝑣(𝑆−𝑆𝑠)}
𝑝𝑛𝑆𝑝𝑠 − 𝑑
𝑥𝐼𝑠𝑜(𝑆𝑆𝑆){1+𝐾𝑖(𝑆−𝑆𝑠)}𝑅𝑠
𝑝𝑛𝑆𝑝𝑝 �
 
 
(2.43)  
2.4.2 Photovoltaic Inverter 
The photovoltaic inverter used for simulation studies is a 6 pulse Voltage Sourced 
Converter (VSC). It consists of 6 Insulated Gate Bipolar Transistors (IGBT). The 
switching strategy used is Sinusoidal Pulse Width Modulation (SPWM). 𝑅𝑜𝑝 is the ON 
state resistance of each IGBT.  
The VSC is represented by its averaged model for the purpose of analytical studies [18]. 
The equation relating the input DC voltage and output AC voltage of the VSC is given by 
 𝑉𝑟���⃗ = 𝑉𝑑𝑑2  𝑚��⃗  (2.44)  
Where, 𝑉�⃗ 𝑟 is the output AC voltage of VSC in space phasor domain, 𝑚��⃗  is the modulation 
index of VSC in space phasor domain, 𝑉𝑑𝑑 is the input DC voltage of VSC. 
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The dynamics of the DC link voltage of VSC is governed by the following equation [48], 
[17]: 
 𝑃𝑑𝑑
𝑉𝑉𝑑𝑑
𝑉𝑡
=  𝐼𝑝𝑝 − 𝐼𝑑𝑑 (2.45)  
Where 𝑃𝑑𝑑 is the DC link capacitance of VSC and 𝐼𝑑𝑑 is the input DC current of VSC. 
As mentioned in section 2.3.5, the state space analysis is carried out in dq frame. The 
input DC current is given by 
 𝐼𝑑𝑑 =  3(𝑚𝑑𝐾𝑟𝑑 + 𝑚𝑥𝐾𝑟𝑥)4  (2.46)  
Where 𝑚𝑑 and  𝑚𝑥 are the modulation index in dq frame, 𝐾𝑟𝑑 and  𝐾𝑟𝑥 are the inverter 
output currents in dq frame.  
2.4.3 Filter and Coupling Transformer 
The output of VSC is filtered using a low pass LC filter and connected to the distribution 
network through a Star/Delta coupling transformer [9]. 
The values of filter inductance 𝐿𝑓 and filter capacitance 𝑃𝑓 are designed based on the 
following criteria: 
a) The total harmonic distortion (THD) of voltage and current injected into the 
distribution network should be less than 5% [49]. 
b) The value of inductance is chosen such that the ripple of the output current is not 
more than 10 % to 15% [50].  This is governed by the following equation 
 𝐿𝑓 =  𝑉𝑑𝑑8 ∗  Δ𝐾𝐿𝑡𝑝𝑥 ∗  𝑓𝑠 (2.47)  
Where Δ𝐾𝑟𝑡𝑝𝑥 is maximum output ripple current. 
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c) The value of capacitance should be chosen such that the reactive power consumed 
is not more than 5% of the rated active power [51]. This is governed by the 
following equation 
 𝑃𝑓 = 𝑥𝑓 ∗  𝑃𝑟𝑝𝑟𝑝𝑑3 ∗ 2 ∗ 𝜋 ∗ 𝑓𝑠 ∗  𝑉𝑝ℎ𝑝𝑠𝑝2  (2.48)  
Where 𝑃𝑟𝑝𝑟𝑝𝑑 is the rated active power of the PV system, 𝑉𝑝ℎ𝑝𝑠𝑝 is the voltage across the 
filter capacitance, 𝑥𝑓 denotes the fraction of reactive power consumed by the capacitor.  
d) The resonant frequency of the LC filter should be in the range between 10 times 
the line frequency and one half the switching frequency of VSC.  
The damping resistors 𝑅𝑓𝐿 and 𝑅𝑑 are chosen such that there is sufficient damping of the 
resonant peak at the resonant frequency. 
The lower limit of DC link voltage of VSC is chosen by considering the maximum 
voltage drop across the filter inductance when the PV-STATCOM is injecting its rated 
reactive power [52], [53]. This relation is governed by the following equation, 
 𝑉𝑑𝑑𝑡𝑖𝑝 ≥  √6𝜔𝐼𝑟𝑝𝑟𝑝𝑑𝐿𝑓  +  √2 𝑉𝐿𝐿 (2.49)  
Where 𝑉𝑑𝑑𝑡𝑖𝑝 is minimum DC link voltage level of VSC, 𝐼𝑟𝑝𝑟𝑝𝑑(RMS) is the rated 
current of VSC, 𝑉𝐿𝐿 (RMS) is line to line voltage at the output of the filter.  
It should be noted that when PV panel is connected to the input of VSC, 𝑉𝑑𝑑 becomes 
equal to 𝑉𝑝𝑝. 
The coupling transformer is modelled as an ideal transformer in series with its leakage 
inductance 𝐿𝑟 (referred to distribution network side). 
Referring to Figure 2.9,  𝐾𝑟 is the inverter output current,  𝑉𝑑 is the voltage at the output of 
filter, 𝑉𝑑𝑓 is the output across the filter capacitance, 𝐾𝑠1 is the output current of the 
transformer, 𝑉𝑠1 is voltage at the output of transformer, x is the turns ratio of the 
transformer, 𝐿𝑟 is the equivalent leakage inductance of coupling transformer.  
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The space phasor equations that govern the dynamics of filter and coupling transformer 
are as follows, 
 
𝑉𝚤𝑟��⃗
𝑉𝑡
= [−  𝑅𝑓
𝐿𝑓
−
𝑅𝑑
𝐿𝑓
] 𝚤𝑟��⃗ − 𝑉𝑑𝑓�����⃗𝐿𝑓  + 𝑅𝑑𝑥𝐿𝑓 𝚤𝑠1����⃗ + 𝑉𝑟���⃗  (2.50)  
 
𝑉𝑉𝑑𝑓�����⃗
𝑉𝑡
=  𝚤𝑟��⃗
𝑃𝑓
−  𝚤𝑠1����⃗
𝑥𝑃𝑓
 
(2.51)  
 𝑉𝚤𝑠1����⃗
𝑉𝑡
= −  𝑅𝑑
𝑥2𝐿𝑟
𝚤𝑠1����⃗ + 𝑉𝑑𝑓�����⃗𝑥𝐿𝑟  + 𝑅𝑑𝑥𝐿𝑟 𝚤𝑟��⃗ − 𝑉𝑠1�����⃗𝐿𝑟  (2.52)  
 𝑉𝑑���⃗ =  𝚤𝑟��⃗ 𝑅𝑑 +  𝑉𝑑𝑓�����⃗ −  𝑅𝑑𝑥 𝚤𝑠1����⃗  (2.53)  
Where,  
 𝑅𝑓 =  𝑅𝑓𝐿 + 𝑅𝑜𝑝 (2.54)  
2.4.4 State Space Model 
The state space model of the entire PV subsystem is obtained by combining              
(2.35), (2.44) - (2.46) and (2.50) - (2.53). All the equations are then expressed in dq 
frame using the transformation in (2.13). The nonlinear state equations are: 
 
𝑉𝐾𝑟𝑑
𝑉𝑡
= �−  𝑅𝑓
𝐿𝑓
−
𝑅𝑑
𝐿𝑓
� 𝐾𝑟𝑑 + 𝜔𝐾𝑟𝑥 − 𝑉𝑑𝑓𝑑𝐿𝑓  + 𝑅𝑑𝑥𝐿𝑓 𝐾𝑠1𝑑 + 𝑉𝑑𝑑𝑚𝑑2𝐿𝑓  (2.55)  
 
𝑉𝐾𝑟𝑥
𝑉𝑡
= �−  𝑅𝑓
𝐿𝑓
−
𝑅𝑑
𝐿𝑓
� 𝐾𝑟𝑥 − 𝜔𝐾𝑟𝑑 −
𝑉𝑑𝑓𝑥
𝐿𝑓
 + 𝑅𝑑
𝑥𝐿𝑓
𝐾𝑠1𝑥 + 𝑉𝑑𝑑𝑚𝑥2𝐿𝑓  (2.56)  
 
𝑉𝑉𝑑𝑓𝑑
𝑉𝑡
= 𝐾𝑟𝑑
𝑃𝑓
+ 𝜔𝑉𝑑𝑓𝑥 − 𝐾𝑠1𝑑𝑥𝑃𝑓  (2.57)  
 
𝑉𝑉𝑑𝑓𝑥
𝑉𝑡
= 𝐾𝑟𝑥
𝑃𝑓
− 𝜔𝑉𝑑𝑓𝑑 −
𝐾𝑠1𝑥
𝑥𝑃𝑓
 
(2.58)  
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𝑉𝐾𝑠1𝑑
𝑉𝑡
= 𝑅𝑑
𝑥𝐿𝑟
𝐾𝑟𝑑 + 𝑉𝑑𝑓𝑑𝑥𝐿𝑟 − 𝑅𝑑𝑥2𝐿𝑟 𝐾𝑠1𝑑 + 𝜔𝐾𝑠1𝑥 − 𝑉𝑠1𝑑𝐿𝑟  (2.59)  
 
𝑉𝐾𝑠1𝑥
𝑉𝑡
= 𝑅𝑑
𝑥𝐿𝑟
𝐾𝑟𝑥 + 𝑉𝑑𝑓𝑥𝑥𝐿𝑟 − 𝑅𝑑𝑥2𝐿𝑟 𝐾𝑠1𝑥 − 𝜔𝐾𝑠1𝑑 − 𝑉𝑠1𝑥𝐿𝑟  (2.60)  
 
𝑉𝑉𝑑𝑑
𝑉𝑡
= − 3𝑚𝑑𝐾𝑟𝑑4𝑃𝑑𝑑 − 3𝑚𝑥𝐾𝑟𝑥4𝑃𝑑𝑑 − 𝑎5𝑉𝑑𝑑𝑃𝑑𝑑
−
𝑎2
𝑃𝑑𝑑
{𝑑𝑝3𝑉𝑑𝑜+𝑝4𝐼𝑝𝑣 − 1} + 𝑎1𝐺
𝑃𝑑𝑑
 
(2.61)  
 𝑉𝑑𝑑 = 𝐾𝑟𝑑𝑅𝑑 + 𝑉𝑑𝑓𝑑 − 𝐾𝑠1𝑑𝑅𝑑𝑥  (2.62)  
 𝑉𝑑𝑥 = 𝐾𝑟𝑥𝑅𝑑 + 𝑉𝑑𝑓𝑥 − 𝐾𝑠1𝑥𝑅𝑑𝑥  (2.63)  
 𝐼𝑝𝑝 =  𝑎1𝐺 −  𝑎2{𝑑𝑝3𝑉𝑑𝑜+𝑝4𝐼𝑝𝑣 − 1} −  𝑎5𝑉𝑑𝑑 (2.64)  
Equations (2.55) - (2.64) constitute a state space model for PV subsystem. The following 
are the state variables, inputs and outputs: 
State Variables:  𝐾𝑟𝑑 , 𝐾𝑟𝑥,𝑉𝑑𝑓𝑑 ,𝑉𝑑𝑓𝑥, 𝐾𝑠1𝑑 , 𝐾𝑠1𝑥 and 𝑉𝑑𝑑 
Inputs: 𝐺,𝑉𝑠1𝑑 ,𝑉𝑠1𝑥 ,𝑚𝑑  𝑎𝑛𝑉 𝑚𝑥 
Outputs: 𝑉𝑑𝑑 ,𝑉𝑑𝑥 and 𝐼𝑝𝑝   
2.4.5 Assumptions made in modeling of PV Subsystem 
The following are some of the major assumptions made in the modeling of PV-
STATCOM: 
A large PV power plant consists of a number PV inverters connected in parallel. A size 
and number of PV inverters used in a PV power plant will depend on its rating. There 
could be issues between individual inverters such as control system interactions, flow of 
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circulating currents etc. These issues are not considered since it is beyond the scope of 
this thesis. In this thesis, the entire PV power plant is represented by a single equivalent 
PV system [12] for the purpose of power system studies. But, the model developed is 
valid for any PV power plant irrespective of its power rating.  
2.5 Controller Subsystem 
The Controller subsystem consists of the following parts: 
a. Measurement Filter 
b. Phase Locked Loop (PLL) 
c. Current Controller 
d. DC Link Voltage Controller 
e. Point of Common Coupling (PCC) Voltage Controller. 
The overall block diagram of the controller subsystem is shown in Figure 2.10. The 
function of each control block is explained briefly in the following section: 
• The VSC control system is synchronized to the grid using the PLL. This ensures 
that the AC signals get transformed into dq frame and the controller works 
directly with DC signals.   
• The DC Link Voltage Controller regulates 𝑉𝑑𝑑 at its reference value 𝑉𝑑𝑑𝑟𝑝𝑓. The 
reference value can be set at the maximum power point voltage of PV array to 
ensure that the PV array supplies the maximum power at a particular irradiance. 
This controller generates the current reference  𝐾𝑟𝑑𝑟𝑝𝑓.  
• The PCC Voltage Controller regulates 𝑉𝑝𝑑𝑑 at its reference value 𝑉𝑝𝑑𝑑𝑟𝑝𝑓. This 
controller generates the current reference  𝐾𝑟𝑥𝑟𝑝𝑓.  
• The current controller regulates 𝐾𝑟𝑑 and 𝐾𝑟𝑥 at 𝐾𝑟𝑑𝑟𝑝𝑓 and  𝐾𝑟𝑥𝑟𝑝𝑓 respectively. The 
current controller, in turn, generates the modulation indexes  𝑚𝑑 and  𝑚𝑥 for the 
VSC PWM scheme.  
This subsystem is referred to as subsystem 3 in the thesis. The modeling of each 
component is explained in detail in the following sections. Some of the concepts and 
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procedure for modeling of each component and simplification of the derived models have 
been adapted from [54], [55], [56] and [57].   
2.5.1 Measurement Filter 
The electrical point of coupling (EPC) voltages (𝑉𝑑𝑑  𝑎𝑛𝑉 𝑉𝑑𝑥) and point of common 
coupling (PCC) voltages (𝑉𝑠1𝑑  𝑎𝑛𝑉 𝑉𝑠1𝑥) are the voltage inputs to controller circuit. Due 
to PWM switching, these signals in dq frame contain some PWM switching side-band 
harmonics of VSC AC side signals which are modulated by 60 Hz through the abc to dq 
frame transformation [18]. These have to be removed using low pass filters. Also, there 
will be some delays present after measurement of voltage due to signal processing 
(filtering, RMS computation etc.), communication delays etc and this also has to be 
accounted for in choosing the filter time constants. In total, all these delays are accounted 
for using time constants 𝜏1, 𝜏2 and these filters are termed as measurement filters [30].  
The dynamics of the measurement filter can be modeled by using the following state 
space equations, 
 
𝑉𝑉𝑑𝑑𝑓
𝑉𝑡
= 𝑉𝑑𝑑
𝜏2
−  𝑉𝑑𝑑𝑓
𝜏2
 
(2.65)  
 
𝑉𝑉𝑑𝑥𝑓
𝑉𝑡
= 𝑉𝑑𝑥
𝜏2
−  𝑉𝑑𝑥𝑓
𝜏2
 
(2.66)  
 
𝑉𝑉𝑠1𝑑𝑓
𝑉𝑡
= 𝑉𝑠𝑑
𝜏1
−  𝑉𝑠𝑑𝑓
𝜏1
 
(2.67)  
 
𝑉𝑉𝑠1𝑥𝑓
𝑉𝑡
= 𝑉𝑠𝑥
𝜏1
−  𝑉𝑠𝑥𝑓
𝜏1
 
(2.68)  
Where 𝑉𝑑𝑑𝑓, 𝑉𝑑𝑥𝑓, 𝑉𝑠1𝑑𝑓, 𝑉𝑠1𝑥𝑓 are the filtered components of 𝑉𝑑𝑑, 𝑉𝑑𝑥, 𝑉𝑠1𝑑, 𝑉𝑠1𝑥 
respectively 
𝜏1, 𝜏2 are the time constants of measurement filters. 
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Figure 2.10 Block Diagram of Controller Subsystem
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As pointed out above, the values of these time constants are chosen to model the low pass 
filter time constants and the additional delays. The signals 𝑉𝑑𝑑 and 𝑉𝑑𝑥 serve as feed-
forward signals for the current controller in order to enhance start-up and transient 
responses of closed loop current controller [17]. Hence, the measurement filters of the 
signals 𝑉𝑑𝑑 and 𝑉𝑑𝑥 are also referred to as feed-forward filters.  
2.5.2 Phase Locked Loop (PLL) 
The AC voltages and currents are sinusoidally varying with time in nature at a frequency 
𝜔𝑜 which is the steady state grid frequency. The corresponding signals in dq frame 
become DC signals when the dq frame rotates synchronously with a frequency 𝜔𝑜 [18]. 
This is achieved by using a PLL mechanism. 
The control block diagram for PLL is shown in Figure 2.11. Voltage 𝑉𝑑 is resolved into 
𝑉𝑑𝑑 and 𝑉𝑑𝑥. These are represented by 𝑉𝑑𝑑𝑓 and 𝑉𝑑𝑥𝑓 after passing through the 
measurement filters. 𝑉𝑑𝑥𝑓 is processed by a compensator H(s) which determines 𝜔. In 
steady state, 𝑉𝑑𝑥𝑓 is forced to zero and hence, 𝜔 becomes equal to 𝜔𝑜. 
 ∆𝜔(𝑝) = 𝐻(𝑝)𝑉𝑑𝑥𝑓(𝑝) (2.69)  
Here, ∆𝜔 is the change in frequency from 𝜔𝑜 during transients. As can be seen in Figure 
2.11, a bias of 𝜔𝑜 is added to ∆𝜔 to ensure the frequency excursions are around 𝜔𝑜 [18]. 
The output is also limited by a saturation block which has 𝜔𝑡𝑖𝑝 and 𝜔𝑡𝑝𝑥 as its limits in 
order to limit the variations of 𝜔. The frequency signal 𝜔 serves as an input to a voltage 
controlled oscillator (VCO) which is basically an integrator and this generates the angle 
reference 𝜌 that is required for abc to dq (and vice versa) frame conversion.  
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Figure 2.11 Control Block Diagram of PLL 
The compensator 𝐻(𝑝) is a Proportional Integral (PI) controller and is given by, 
 𝐻(𝑝) = 𝑏1 + 𝑏2𝑝  (2.70)  
Where 𝑏1 is the proportional gain and 𝑏2 is the integral gain. The PI controller can be 
designed based on the procedure outlined in [58] for a required bandwidth and phase 
margin. 
The state variables of PLL are defined as   
 𝑋8(𝑝) = 𝑏2𝑝  𝑉𝑑𝑥𝑓(𝑝) (2.71)  
 𝜌(𝑝) = 𝜔(𝑝)
𝑝
= 𝜔𝑜 + ∆𝜔(𝑝)
𝑝
 
(2.72)  
In time-domain, the state space model of PLL is given by, 
 𝑉𝑥8
𝑉𝑡
=  𝑏2𝑉𝑑𝑥𝑓(𝑡) (2.73)  
 𝑉𝜌
𝑉𝑡
= 𝜔𝑜 + 𝑏1𝑉𝑑𝑥𝑓(𝑡) + 𝑥8(𝑡) (2.74)  
 𝜔(𝑡) = 𝑉𝜌
𝑉𝑡
 
(2.75)  
The state variables are 𝜌, 𝑥8. 𝑉𝑑𝑥𝑓 is the input to PLL and, 𝜌 and 𝜔 are the outputs. 
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The active (𝑃𝑉𝑆𝑆) and reactive power (𝑄𝑉𝑆𝑆) output of VSC is given by, 
 𝑃𝑉𝑆𝑆 = 32 [𝑉𝑑𝑑𝐾𝑟𝑑 + 𝑉𝑑𝑥𝐾𝑟𝑥] (2.76)  
 𝑄𝑉𝑆𝑆 = 32 [−𝑉𝑑𝑑𝐾𝑟𝑥 + 𝑉𝑑𝑥𝐾𝑟𝑑] (2.77)  
PLL ensures that 𝑉𝑑𝑥 is zero at steady state. This makes the above equations as. 
 𝑃𝑉𝑆𝑆 = 32 [𝑉𝑑𝑑𝐾𝑟𝑑] (2.78)  
 𝑄𝑉𝑆𝑆 = 32 [−𝑉𝑑𝑑𝐾𝑟𝑥] (2.79)  
The calculation of 𝑄𝑉𝑆𝑆 in the controller circuit (under steady state) is performed using 
the signals 𝑉𝑑𝑑𝑓 and 𝐾𝑟𝑥. Hence, it will be given by, 
 𝑄𝑉𝑆𝑆 = 32 [−𝑉𝑑𝑑𝑓𝐾𝑟𝑥] (2.80)  
This ensures that the control of VSC powers is decoupled. It can be seen that the active 
and reactive powers of VSC can be controlled by controlling 𝐾𝑟𝑑 and 𝐾𝑟𝑥 respectively. 
2.5.3 Current Controller 
The objective of the current controller is to ensure 𝐾𝑟𝑑 and 𝐾𝑟𝑥 tracks their references 
rapidly. Also, it ensures that VSC is protected against overload and faults if 𝐾𝑟𝑑𝑟𝑝𝑓 and 
𝐾𝑟𝑥𝑟𝑝𝑓 are limited by saturation blocks [18].  
The VSC AC side current dynamics are described by (2.55) - (2.56). The presence of 𝐿𝑓𝜔 
makes the dynamics of 𝐾𝑟𝑑 and 𝐾𝑟𝑥 coupled and nonlinear [18].  
In order to decouple and linearize the dynamics, the control inputs 𝑚𝑑 and 𝑚𝑥 are 
determined based on the following control laws [18]: 
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 𝑚𝑑 =  2𝑉𝑑𝑑 [𝑢𝑑 − 𝐿𝑓𝜔𝐾𝑟𝑥 +  𝑉𝑑𝑑𝑓] (2.81)  
 𝑚𝑥 =  2𝑉𝑑𝑑 [𝑢𝑥 + 𝐿𝑓𝜔𝐾𝑟𝑑 + 𝑉𝑑𝑥𝑓] (2.82)  
Here, 𝑢𝑑 and 𝑢𝑥 are the new control inputs. 𝑚𝑑 and 𝑚𝑥 are substituted into (2.55) - 
(2.56) and the VSC current dynamics become, 
 𝐿𝑓
𝑉𝐾𝑟𝑑
𝑉𝑡
=  −𝑅𝑓𝐾𝑟𝑑 + 𝑢𝑑 + 𝑉𝑑𝑑𝑓 (2.83)  
 𝐿𝑓
𝑉𝐾𝑟𝑥
𝑉𝑡
=  −𝑅𝑓𝐾𝑟𝑥 + 𝑢𝑥 + 𝑉𝑑𝑥𝑓 (2.84)  
Equations (2.83) and (2.84) show that the dynamics of 𝐾𝑟𝑑 and 𝐾𝑟𝑥 are decoupled and 
linear. 𝐾𝑟𝑑 and 𝐾𝑟𝑥 can be controlled by controlling 𝑢𝑑 and 𝑢𝑥 respectively. 𝑉𝑑𝑑𝑓 and 𝑉𝑑𝑥𝑓 
can be considered as disturbances. The control block diagram for the current controller is 
shown in Figure 2.12. 
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Figure 2.12 Control Block Diagram of Current Controller 
It can be seen that 𝑢𝑑 is the output of compensator 𝐾𝑑(𝑝) which processes the error 
𝐾𝑟𝑑𝑟𝑝𝑓 − 𝐾𝑟𝑑. Similarly, 𝑢𝑥 is the output of compensator 𝐾𝑥(𝑝) which processes the error 
𝐾𝑟𝑥𝑟𝑝𝑓 − 𝐾𝑟𝑥. 
The compensators 𝐾𝑑(𝑝)  and 𝐾𝑥(𝑝) are PI controllers and they are given by,   
 𝐾𝑑(𝑝) =  𝐾𝑝𝑖1 +  𝐾𝑖𝑖1𝑝  (2.85)  
 𝐾𝑥(𝑝) =  𝐾𝑝𝑖2 +  𝐾𝑖𝑖2𝑝  (2.86)  
Where 𝐾𝑝𝑖1, 𝐾𝑝𝑖2 are the proportional gains and 𝐾𝑖𝑖1, 𝐾𝑖𝑖2 are the integral gains.   
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The values of PI controllers can be designed for a particular bandwidth and phase margin 
of the current controllers.  
The state variables of current controller are defined as   
 𝑋3(𝑝) = 𝐾𝑖𝑖1[𝐼𝑟𝑑𝑟𝑝𝑓(𝑝) − 𝐼𝑟𝑑(𝑝)]𝑝  (2.87)  
 𝑋4(𝑝) = 𝐾𝑖𝑖2[𝐼𝑟𝑥𝑟𝑝𝑓(𝑝) − 𝐼𝑟𝑥(𝑝)]𝑝  (2.88)  
In time- domain, the state space model of current controller is given by, 
 𝑉𝑥3
𝑉𝑡
=  𝐾𝑖𝑖1[𝐾𝑟𝑑𝑟𝑝𝑓 − 𝐾𝑟𝑑] (2.89)  
 𝑉𝑥4
𝑉𝑡
=  𝐾𝑖𝑖2[𝐾𝑟𝑥𝑟𝑝𝑓 − 𝐾𝑟𝑥] (2.90)  
 𝑢𝑑 = 𝐾𝑝𝑖1�𝐾𝑟𝑑𝑟𝑝𝑓 − 𝐾𝑟𝑑� + 𝑥3 (2.91)  
 𝑢𝑥 = 𝐾𝑝𝑖2�𝐾𝑟𝑥𝑟𝑝𝑓 − 𝐾𝑟𝑥� + 𝑥4 (2.92)  
2.5.4 DC-Link Voltage Controller  
The DC-Link Voltage Controller ensures that 𝑉𝑑𝑑 is maintained at  𝑉𝑑𝑑𝑟𝑝𝑓 so that the 
corresponding active power gets delivered from the PV system to the grid. This relation 
is governed by the following power balance equation, 
 
𝑉
𝑉𝑡
�
𝑃𝑑𝑑𝑉𝑑𝑑
22 � ≅ 𝑃𝑝𝑝 − 𝑃𝑉𝑆𝑆 (2.93)  
As seen in (2.93), 𝑉𝑑𝑑  can be controlled by controlling 𝑃𝑉𝑆𝑆. As shown before, 𝑃𝑉𝑆𝑆 can 
in-turn be controlled by 𝐾𝑟𝑑 in steady state. Hence, it can be seen that 𝑉𝑑𝑑 can be 
controlled by controlling 𝐾𝑟𝑑. 
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The error between 𝑉𝑑𝑑𝑟𝑝𝑓 and 𝑉𝑑𝑑 is processed by a compensator 𝐾𝑉(𝑝) and this generates 
the current reference 𝐾𝑟𝑑𝑟𝑝𝑓 for current controller. The compensator 𝐾𝑉(𝑝) is PI controller 
in cascade with a low pass filter [19] and is given by, 
 𝐾𝑉(𝑝) = (𝐾𝑝𝑝 +  𝐾𝑖𝑝𝑝 )( 1𝜏𝑉𝑑𝑑𝑝 + 1) (2.94)  
Where 𝐾𝑝𝑝 is the proportional gain and 𝐾𝑖𝑝 is the integral gain 
𝜏𝑉𝑑𝑑 is the time constant of low pass filter. 
As pointed out earlier in section 2.5.1, there are PWM switching side-band harmonics of 
VSC AC side signals in the dq frame signals which are modulated by 60 Hz through the 
abc to dq frame conversion. These harmonics are also present in the dc-link voltage 𝑉𝑑𝑑. 
Hence, the low pass filter with a time constant 𝜏𝑉𝑑𝑑 is required to filter out these 
harmonics. The control block diagram for DC-Link voltage controller is shown in Figure 
2.13. 
+
-𝑉𝑉𝑉𝑑𝑑𝑓  
𝑉𝑉𝑉  
𝐾𝑡𝑉𝑑𝑑𝑓  𝐾𝑉(𝑝) 
 
Figure 2.13 Control Block Diagram of DC-Link Voltage Controller 
The DC link voltage control dynamics is described by (2.61). This can be linearized for a 
particular operating point and, a transfer function can be obtained between 𝐾𝑟𝑑 and 𝑉𝑑𝑑. 
This can be used to design the PI controller of the compensator 𝐾𝑉(𝑝) based on 
bandwidth and phase margin requirements. 
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The DC Link capacitance 𝑃𝑑𝑑 plays a major role in the stability of the DC-Link Voltage 
control loop. Reference [59] shows that the DC-Link Voltage control loop suffers from 
the effect of right half plane (RHP) pole if the PV array operates at a voltage less than the 
maximum power point voltage. The position of the pole is affected by the value of 𝑃𝑑𝑑. A 
stability criteria has been established in [59] to decide the minimum value of 𝑃𝑑𝑑 relating 
the speed of operation (cross-over frequency) of voltage control loop 𝜔𝑝𝑜𝑜𝑝𝑉𝑑𝑑, the 
current and voltage at the critical operating point of the PV array. This relation is given 
by,  
 𝑃𝑑𝑑 ≥
𝐼𝑠𝑑  𝑜𝑓 𝑃𝑉 𝐴𝑑𝑑𝑎𝑦
𝑉𝑝𝑝𝑡𝑖𝑝𝜔𝑝𝑜𝑜𝑝𝑉𝑑𝑑
 
(2.95)  
Where 𝑉𝑝𝑝𝑡𝑖𝑝 is the minimum voltage of operation of PV array and 𝐼𝑠𝑑 is the short-circuit 
current of PV array. 𝑉𝑝𝑝𝑡𝑖𝑝 can be chosen to be the minimum value of dc-link voltage 
determined by equation (2.49). 𝜔𝑝𝑜𝑜𝑝𝑉𝑑𝑑 is generally chosen to be 2 to 10 times slower 
than the inner current control loop [32]. A safety factor of 25 % is included in the 
minimum value of 𝑃𝑑𝑑 to arrive at the final value of dc-link capacitance.   
The state variables of the DC-Link Voltage Controller are defined as [54],  
 𝑋6(𝑝) = −𝑉𝑑𝑑𝑟𝑝𝑓(𝑝) + 𝑉𝑑𝑑(𝑝)𝜏𝑉𝑑𝑑𝑝 + 1  (2.96)  
 
𝑋5(𝑝) = 𝑋6(𝑝)𝑝  (2.97)  
In time- domain, the state space model of DC-Link Voltage controller is given by, 
 𝑉𝑥6
𝑉𝑡
= −𝑉𝑑𝑑𝑟𝑝𝑓
𝜏𝑉𝑑𝑑
+ 𝑉𝑑𝑑
𝜏𝑉𝑑𝑑
−
𝑥6
𝜏𝑉𝑑𝑑
 
(2.98)  
 𝑉𝑥5
𝑉𝑡
= 𝑥6 (2.99)  
 𝐾𝑟𝑑𝑟𝑝𝑓 = 𝐾𝑝𝑝𝑥6 + 𝐾𝑖𝑝𝑥5 (2.100)  
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2.5.5 PCC Voltage Controller 
The objective of the PCC Voltage Controller is to regulate the PCC voltage 𝑉𝑝𝑑𝑑 at its 
reference value 𝑉𝑝𝑑𝑑𝑟𝑝𝑓. In dq frame, 𝑉𝑝𝑑𝑑 is given by, 
 𝑉𝑝𝑑𝑑 =  �𝑉𝑠1𝑑𝑓2 + 𝑉𝑠1𝑥𝑓2  (2.101)  
 
As pointed out earlier, the PCC voltage and dc-link voltage control loops are coupled in 
distribution networks where resistance is not negligible when compared to reactance. For 
effective control of PCC voltage, both active and reactive powers have to be controlled. 
But, PV systems are always operated at maximum power point for economic reasons. 
Hence, active power cannot be controlled as long as the PCC voltage is within the steady 
state voltage limits. Hence, the voltage at PCC can be regulated by controlling reactive 
power 𝑄𝑉𝑆𝑆. 
It was shown earlier that 𝑄𝑉𝑆𝑆 can be controlled by controlling 𝐾𝑟𝑥 in steady state. Hence, 
the PCC voltage can be regulated by controlling 𝐾𝑟𝑥. The structure of the PCC voltage 
controller is shown in Figure 2.14. The error between 𝑉𝑝𝑑𝑑𝑟𝑝𝑓 and 𝑉𝑝𝑑𝑑 is processed by a 
compensator 𝐾𝑉𝑝𝑑(𝑝) and this generates the current reference 𝐾𝑟𝑥𝑟𝑝𝑓 for current controller. 
The compensator 𝐾𝑉𝑝𝑑(𝑝) can be proportional (P) or proportional integral (PI) controller. 
In general, it is of the form,  
 𝐾𝑉𝑝𝑑(𝑝) = (𝐾𝑝𝑝𝑠 + 𝐾𝑖𝑝𝑠𝑝 ) (2.102)  
Where 𝐾𝑝𝑝𝑠 is the proportional gain and 𝐾𝑖𝑝𝑠 is the integral gain. 
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+
-
𝑉𝑝𝑉𝑉𝑑𝑑𝑓  
𝑉𝑝𝑉𝑉  
𝐾𝑉𝑎𝑉 (𝑝) +
-
𝐾𝑉𝑑𝑜𝑜𝑝  
𝑄𝑉𝑃𝑃  
𝐾𝑡𝑞𝑑𝑑𝑓  -1
 
Figure 2.14 Control Block Diagram of PCC Voltage Controller 
Also, the degree of voltage control will depend on droop factor  𝐾𝑑𝑟𝑜𝑜𝑝 [17]. This is 
important in the case of single PV system for PCC voltage reference adjustment if the 
voltage error is very large to prevent injection/absorption of a very large value of reactive 
power. For multiple PV systems, this is required for reactive power sharing [17]. As 
shown in Figure 2.14, 𝑄𝑉𝑆𝑆 is multiplied by 𝐾𝑑𝑟𝑜𝑜𝑝 which provides the necessary droop 
action.  
The state variable of PCC voltage controller is defined as, 
 𝑋7(𝑝) = (1𝑝)𝐿(𝑉𝑝𝑑𝑑𝑟𝑝𝑓 − �𝑉𝑠1𝑑𝑓2 + 𝑉𝑠1𝑥𝑓2 − 𝐾𝑑𝑟𝑜𝑜𝑝𝑄𝑉𝑆𝑆) (2.103)  
Where L represents the Laplace transform operator.  
In time-domain, the state space model is, 
 𝑉𝑥7
𝑉𝑡
= 𝑉𝑝𝑑𝑑𝑟𝑝𝑓 − �𝑉𝑠1𝑑𝑓2 + 𝑉𝑠1𝑥𝑓2 − 𝐾𝑑𝑟𝑜𝑜𝑝𝑄𝑉𝑆𝑆 (2.104)  
 
𝐾𝑟𝑥𝑟𝑝𝑓 = −𝐾𝑝𝑝𝑠𝑉𝑝𝑑𝑑𝑟𝑝𝑓 + 𝐾𝑝𝑝𝑠�𝑉𝑠1𝑑𝑓2 + 𝑉𝑠1𝑥𝑓2+ 𝐾𝑝𝑝𝑠𝐾𝑑𝑟𝑜𝑜𝑝𝑄𝑉𝑆𝑆 − 𝐾𝑖𝑝𝑠𝑥7 
(2.105)  
A simplified model for designing PCC voltage controller is available in [32] and is 
explained in chapter 3. This model can be utilized for designing the compensator when 
there is no or minimum interaction with dc-link voltage control loop. Hence, the 
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complete linearized state space model of the distribution network, PV and controller 
subsystems is first derived. Eigenvalue sensitivity analysis studies are then used to 
choose optimal gains for the compensator 𝐾𝑉𝑝𝑑(𝑝) in the presence of interaction with dc 
–link voltage control loop. The results are later compared with the simplified model of 
PCC voltage controller.   
2.5.6 State Space Model 
The state space model of the entire controller subsystem is obtained by combining       
(2.65) - (2.68), (2.73) - (2.75), (2.80) - (2.82), (2.89) - (2.92), (2.98) - (2.100) and    
(2.104) - (2.105). All the equations are then expressed in dq frame using the 
transformation in (2.13).  
Equations (2.62) and (2.63) are substituted in (2.65) and (2.66) to get the following: 
 𝑉𝑉𝑑𝑑𝑓
𝑉𝑡
= 𝑅𝑑
𝜏2
𝐾𝑟𝑑 + 𝑉𝑑𝑓𝑑𝜏2 − 𝑅𝑑𝑥𝜏2 𝐾𝑠1𝑑 − 𝑉𝑑𝑑𝑓𝜏2  (2.106)  
 𝑉𝑉𝑑𝑥𝑓
𝑉𝑡
= 𝑅𝑑
𝜏2
𝐾𝑟𝑥 + 𝑉𝑑𝑓𝑥𝜏2 − 𝑅𝑑𝑥𝜏2 𝐾𝑠1𝑥 − 𝑉𝑑𝑥𝑓𝜏2  (2.107)  
The nonlinear state space model of the Controller subsystem is: 
 𝑉𝑥8
𝑉𝑡
=  𝑏2𝑉𝑑𝑥𝑓(𝑡) (2.108)  
 𝑉𝜌
𝑉𝑡
= 𝜔𝑜 + 𝑏1𝑉𝑑𝑥𝑓(𝑡) + 𝑥8(𝑡) (2.109)  
 𝑉𝑉𝑑𝑑𝑓
𝑉𝑡
= 𝑅𝑑
𝜏2
𝐾𝑟𝑑 + 𝑉𝑑𝑓𝑑𝜏2 − 𝑅𝑑𝑥𝜏2 𝐾𝑠1𝑑 − 𝑉𝑑𝑑𝑓𝜏2  (2.110)  
 𝑉𝑉𝑑𝑥𝑓
𝑉𝑡
= 𝑅𝑑
𝜏2
𝐾𝑟𝑥 + 𝑉𝑑𝑓𝑥𝜏2 − 𝑅𝑑𝑥𝜏2 𝐾𝑠1𝑥 − 𝑉𝑑𝑥𝑓𝜏2  (2.111)  
 𝑉𝑉𝑠1𝑑𝑓
𝑉𝑡
= 𝑉𝑠1𝑑
𝜏1
−  𝑉𝑠1𝑑𝑓
𝜏1
 
(2.112)  
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 𝑉𝑉𝑠1𝑥𝑓
𝑉𝑡
= 𝑉𝑠1𝑥
𝜏1
−  𝑉𝑠1𝑥𝑓
𝜏1
 
(2.113)  
 𝑉𝑥3
𝑉𝑡
= 𝐾𝑖𝑖1𝐾𝑝𝑝𝑥6 + 𝐾𝑖𝑖1𝐾𝑖𝑝𝑥5 − 𝐾𝑖𝑖1𝐾𝑟𝑑 (2.114)  
 𝑉𝑥5
𝑉𝑡
= 𝑥6 (2.115)  
 𝑉𝑥6
𝑉𝑡
= −𝑉𝑑𝑑𝑟𝑝𝑓
𝜏𝑉𝑑𝑑
+ 𝑉𝑑𝑑
𝜏𝑉𝑑𝑑
−
𝑥6
𝜏𝑉𝑑𝑑
 
(2.116)  
 𝑉𝑥4
𝑉𝑡
= −𝐾𝑖𝑖2𝐾𝑝𝑝𝑠𝑉𝑝𝑑𝑑𝑟𝑝𝑓 + 𝐾𝑖𝑖2𝐾𝑝𝑝𝑠�𝑉𝑠1𝑑𝑓2 + 𝑉𝑠1𝑥𝑓2
−
32𝐾𝑖𝑖2𝐾𝑝𝑝𝑠𝐾𝑑𝑟𝑜𝑜𝑝𝑉𝑑𝑑𝑓𝐾𝑟𝑥 − 𝐾𝑖𝑖2𝐾𝑖𝑝𝑠𝑥7
− 𝐾𝑖𝑖2𝐾𝑟𝑥 
(2.117)  
 𝑉𝑥7
𝑉𝑡
= 𝑉𝑝𝑑𝑑𝑟𝑝𝑓 − �𝑉𝑠1𝑑𝑓2 + 𝑉𝑠1𝑥𝑓2 + 32𝐾𝑑𝑟𝑜𝑜𝑝𝑉𝑑𝑑𝑓𝐾𝑟𝑥 (2.118)  
 
𝑚𝑑 = 2𝐾𝑝𝑖1𝐾𝑝𝑝𝑉𝑑𝑑 𝑥6 + 2𝐾𝑝𝑖1𝐾𝑖𝑝𝑉𝑑𝑑 𝑥5 − 2𝐾𝑝𝑖1𝐾𝑟𝑑𝑉𝑑𝑑 + 2𝑥3𝑉𝑑𝑑
−
2𝐿𝑓𝜔𝐾𝑟𝑥
𝑉𝑑𝑑
+ 2𝑉𝑑𝑑𝑓
𝑉𝑑𝑑
 
(2.119)  
 
𝑚𝑥 = −2𝐾𝑝𝑖1𝐾𝑝𝑝𝑠𝑉𝑑𝑑 𝑉𝑝𝑑𝑑𝑟𝑝𝑓 + 2𝐾𝑝𝑖2𝐾𝑝𝑝𝑠𝑉𝑑𝑑 �𝑉𝑠1𝑑𝑓2 + 𝑉𝑠1𝑥𝑓2
−
3𝐾𝑝𝑖2𝐾𝑝𝑝𝑠𝐾𝑑𝑟𝑜𝑜𝑝𝑉𝑑𝑑𝑓𝐾𝑟𝑥
𝑉𝑑𝑑
−
2𝐾𝑝𝑖2𝐾𝑖𝑝𝑠𝑥7
𝑉𝑑𝑑
−
2𝐾𝑝𝑖2𝐾𝑟𝑥
𝑉𝑑𝑑
+ 2𝑥4
𝑉𝑑𝑑
+ 2𝐿𝑓𝜔𝐾𝑟𝑑
𝑉𝑑𝑑
+ 2𝑉𝑑𝑥𝑓
𝑉𝑑𝑑
 
(2.120)  
 𝜔 = 𝜔𝑜 + 𝑏1𝑉𝑑𝑥𝑓 + 𝑥8 (2.121)  
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Equations (2.108) - (2.121) constitute a state space model for controller subsystem. The 
following are the state variables, inputs and outputs: 
State Variables:  𝑥8,𝜌,𝑉𝑑𝑑𝑓,𝑉𝑑𝑥𝑓,𝑉𝑠1𝑑𝑓,𝑉𝑠1𝑥𝑓, 𝑥3, 𝑥5, 𝑥6, 𝑥4 and 𝑥7 
Inputs: 𝑉𝑑𝑓𝑑 ,𝑉𝑑𝑓𝑥 , 𝐾𝑟𝑑 , 𝐾𝑟𝑥, 𝐾𝑠1𝑑 , 𝐾𝑠1𝑥,𝑉𝑑𝑑 ,𝜔,𝑉𝑑𝑑𝑟𝑝𝑓,𝑉𝑝𝑑𝑑𝑟𝑝𝑓,𝑉𝑠1𝑑and 𝑉𝑠1𝑥 
Outputs: 𝑚𝑑 ,𝑚𝑥, 𝜌 and 𝜔 
2.5.7 Assumptions made in the modeling of Controller Subsystem 
The following are some of the major assumptions made in the modeling of controller 
subsystem: 
• Nonlinear elements such as saturation blocks are used in control system of PV-
STATCOM for limiting the signals within certain values. In the derivation of 
nonlinear models and linearization of this model in the next section, the effects of 
these saturation blocks are not considered. These nonlinear elements might affect 
the stability of nonlinear model and affect the validity of results obtained from 
linearized model about the same operating point. Hence, the linearized model is 
valid about a particular operating point as long as the signals are within the 
saturation limits. Studies involving the effects of these saturation blocks on 
stability are beyond the scope of this thesis.  
2.6 Linearization of State Space Models 
This section deals with the linearization of the nonlinear state space models of 
distribution network subsystem and PV-STATCOM unit (PV subsystem and controller 
subsystem). The nonlinear model has to be linearized around an operating point to 
develop the linearized model. The linearized model is valid only for small perturbations 
of the system around the operating point. The theory for linearization has been adapted 
from [54], [60].  
The linearized model is suitable for designing the PCC voltage controller by performing 
Eigenvalue studies. The model is also useful for studying the sensitivity of the 
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eigenvalues with respect to variation in system parameters such as X/R ratio of the 
distribution network and the variations in controller parameters.  
The general form of nonlinear state and output equations of each subsystem is given 
below: 
 ?̇? =  𝑓(𝑋,𝑈) (2.122)  
 𝑌 = ℎ(𝑋,𝑈) (2.123)  
Where  
 𝑋 = [ 𝑥1 𝑥2  … … … … . . 𝑥𝑝]T  (2.124)  
is a n * 1 matrix of n state variables  𝑥1, 𝑥2 … … … .  𝑥𝑝. 
 𝑈 = [ 𝑢1 𝑢2  … … … … . .𝑢𝑝]T  (2.125)  
is a p * 1  matrix of p input variables  𝑢1,𝑢2 … … … .  𝑢𝑝. 
 𝑌 = [ 𝑦1 𝑦2  … … … … . . 𝑦𝑥]T    (2.126)  
is a q * 1  matrix of q output variables  𝑦1,𝑦2 … … … .  𝑦𝑥. 
 
  𝑓 = [ 𝑓1 𝑓2  … … … … . .𝑓𝑝]T    (2.127)   is a matrix of n state equations.  
  ℎ = [ ℎ1 ℎ2  … … … … . .ℎ𝑥]T    (2.128)  
is a matrix of q output equations.  
In the same way, the state space and output equations of each subsystem can written as: 
The state space and output equations of the distribution network subsystem can be 
represented as follows: 
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 𝑋1̇ =  𝑓1(𝑋1,𝑈1) (2.129)  
 𝑌1 = ℎ1(𝑋1,𝑈1) (2.130)  
 Where          
𝑋1 = [ 𝐾1𝑑  𝐾1𝑥  𝑉1𝑑   𝑉1𝑥 𝐾12𝑑  𝐾12𝑥 𝑉𝑠1𝑑  𝑉𝑠1𝑥 𝐾23𝑑  𝐾23𝑥 𝑉𝑠2𝑑  𝑉𝑠2𝑥  𝐾34𝑑  𝐾34𝑥 𝑉𝐿𝑑  𝑉𝐿𝑥 𝐾𝐿𝑑  𝐾𝐿𝑥]T 
 𝑌1 = ℎ(𝑋1,𝑈1) (2.131)  
 𝑈1 =  [𝜌 𝜔  𝐾𝑠1𝑑  𝐾𝑠1𝑥𝐾𝑠2𝑑 𝐾𝑠2𝑥]T (2.132)  
 𝑌1 =  [𝑉𝑠1𝑑  𝑉𝑠1𝑥𝑉𝑠2𝑑  𝑉𝑠2𝑥]T (2.133)  
The state space and output equations of the PV subsystem can be represented as follows: 
 𝑋2̇ =  𝑓2(𝑋2,𝑈2) (2.134)  
 𝑌2 = ℎ2(𝑋2,𝑈2) (2.135)  
Where        
 𝑋2 = [ 𝐾𝑟𝑑  𝐾𝑟𝑥 𝑉𝑑𝑓𝑑   𝑉𝑑𝑓𝑥 𝐾𝑠1𝑑  𝐾𝑠1𝑥 𝑉𝑑𝑑]T (2.136)  
 𝑈2 =  [𝑚𝑑   𝑚𝑥 𝑉𝑠1𝑑  𝑉𝑠1𝑥 𝜔 𝐺]T (2.137)  
 𝑌2 =  [ 𝐾𝑟𝑑   𝐾𝑟𝑥 𝑉𝑑𝑑 𝑉𝑑𝑑   𝑉𝑑𝑥]T (2.138)  
The state space and output equations of the Controller subsystem can be represented as 
follows: 
 𝑋3̇ =  𝑓3(𝑋3,𝑈3) (2.139)  
 𝑌3 = ℎ3(𝑋3,𝑈3) (2.140)  
 Where      
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  𝑋3 = [ 𝑥8 𝜌 𝑉𝑑𝑑𝑓 𝑉𝑑𝑥𝑓  𝑉𝑠1𝑑𝑓 𝑉𝑠1𝑥𝑓 𝑥3 𝑥5 𝑥6 𝑥4 𝑥7]T (2.141)  
 
𝑈3= [𝑉𝑑𝑓𝑑  𝑉𝑑𝑓𝑥 𝐾𝑟𝑑   𝐾𝑟𝑥 𝐾𝑠1𝑑 𝐾𝑠1𝑥 𝑉𝑑𝑑  𝜔 𝑉𝑑𝑑𝑟𝑝𝑓  𝑉𝑝𝑑𝑑𝑟𝑝𝑓 𝑉𝑠1𝑑  𝑉𝑠1𝑥]T (2.142)  
 𝑌3 =  [𝑚𝑑   𝑚𝑥 𝜌  𝜔]T (2.143)  
In order to linearize the nonlinear equations of the form given in (2.122) and (2.123), they 
have to be perturbed about an operating point.  
Let the operating point be such that for an input 𝑈𝑜, the initial state is 𝑋𝑜 and the output is 
𝑌𝑜. Now, the solution of (2.122) and (2.123) about this operating point is 
 𝑋?̇? =  𝑓(𝑋𝑜,𝑈𝑜) = 0 (2.144)  
 𝑌𝑜 = ℎ(𝑋𝑜,𝑈𝑜) = 0 (2.145)  
After perturbation, the state matrix, input matrix and output matrices become, 
 𝑋 =  𝑋𝑜 + 𝑋�  (2.146)  
 𝑈 =  𝑈𝑜 + 𝑈� (2.147)  
 𝑌 =  𝑌𝑜 + 𝑌�  (2.148)  
Where 𝑋� ,𝑈� and 𝑌�  represent the perturbed state variable, input variable and output 
variable matrices respectively. 
Substituting (2.146) - (2.148) in (2.122) - (2.123), 
 ?̇? =  𝑋?̇? + 𝑋�̇ =  𝑓�𝑋𝑜 + 𝑋� ,𝑈𝑜 + 𝑈��  (2.149)  
 ?̇? =  𝑌?̇? + 𝑌�̇ = ℎ�𝑋𝑜 + 𝑋� ,𝑈𝑜 + 𝑈�� (2.150)  
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The perturbations are assumed to be small and hence, the equations (2.149) and (2.150) 
can be expanded using Taylor’s series expansion. This leads to the following equations, 
 ?̇? =  𝑋?̇? + 𝑋�̇ =  𝑓(𝑋𝑜,𝑈𝑜) + 𝑉𝑓𝑉𝑋 𝑋� + 𝑉𝑓𝑉𝑈𝑈� + ⋯… … … …. (2.151)  
 ?̇? =  𝑌?̇? + ?̇? = ℎ(𝑋𝑜,𝑈𝑜) + 𝑉ℎ𝑉𝑋 𝑋� + 𝑉ℎ𝑉𝑈𝑈� + ⋯… … … …. (2.152)  
In (2.151) and (2.152), the second and higher order derivatives of f and h can be assumed 
to be very small and are neglected.  
By using (2.144) and (2.145) in (2.151) and (2.152), the following can be deduced, 
 𝑋�̇ =  𝑉𝑓
𝑉𝑋
𝑋� + 𝑉𝑓
𝑉𝑈
𝑈� 
(2.153)  
 𝑌�̇ =  𝑉ℎ
𝑉𝑋
𝑋� + 𝑉ℎ
𝑉𝑈
𝑈� 
(2.154)  
Equations (2.153) and (2.154) can be written in the following form as, 
 𝑋�̇ =  𝐴𝑋� + 𝐵𝑈� (2.155)  
 𝑌�̇ =  𝑃𝑋� + 𝐷𝑈� (2.156)  
Where 
 𝐴 =
⎣
⎢
⎢
⎢
⎡
𝑉𝑓1
𝑉𝑥1
⋯
𝑉𝑓1
𝑉𝑥𝑝
⋮ ⋱ ⋮
𝑉𝑓𝑝
𝑉𝑥1
⋯
𝑉𝑓𝑝
𝑉𝑥𝑝⎦
⎥
⎥
⎥
⎤
 
(2.157)  
is a n * n system matrix 
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 𝐵 =
⎣
⎢
⎢
⎢
⎢
⎡
𝑉𝑓1
𝑉𝑢1
⋯
𝑉𝑓1
𝑉𝑢𝑝
⋮ ⋱ ⋮
𝑉𝑓𝑝
𝑉𝑢1
⋯
𝑉𝑓𝑝
𝑉𝑢𝑝⎦
⎥
⎥
⎥
⎥
⎤
 
(2.158)  
is a n * p control matrix  
 𝑃 =
⎣
⎢
⎢
⎢
⎡
𝑉ℎ1
𝑉𝑥1
⋯
𝑉ℎ1
𝑉𝑥𝑝
⋮ ⋱ ⋮
𝑉ℎ𝑥
𝑉𝑥1
⋯
𝑉ℎ𝑥
𝑉𝑥𝑝⎦
⎥
⎥
⎥
⎤
 
(2.159)  
is a q * n output matrix  
 𝐷 =
⎣
⎢
⎢
⎢
⎢
⎡
𝑉ℎ1
𝑉𝑢1
⋯
𝑉ℎ1
𝑉𝑢𝑝
⋮ ⋱ ⋮
𝑉ℎ𝑥
𝑉𝑢1
⋯
𝑉ℎ𝑥
𝑉𝑢𝑝⎦
⎥
⎥
⎥
⎥
⎤  (2.160)  
is a q * p feed-forward matrix  
The partial derivatives in A, B, C and D are evaluated at the operating point 
𝑋𝑜,𝑈𝑜 and 𝑌𝑜. Equation (2.155) is the linearized state equation and (2.156) is the 
linearized output equation. These equations are referred to as the linearized state space 
model. 
2.6.1 Linearized Model of Distribution Network Subsystem  
The distribution network subsystem is linearized using the procedure explained in section 
2.6. The linearized state and output equations of subsystem 1 are as follows: 
 𝑋1�̇ =  𝐴11𝑋1� + 𝐵11𝑈11� + 𝐵12𝑈12� + 𝐵13𝑈13�  (2.161)  
 �
𝑉𝑠1𝑑�
𝑉𝑠1𝑥�
� = 𝑃311𝑋1� (2.162)  
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Where, 
𝑋1� = [ 𝚤1𝑑�  𝚤1𝑥�  𝑉1𝑑�   𝑉1𝑥�  𝚤12𝑑�  𝚤12𝑥�  𝑉𝑠1𝑑�  𝑉𝑠1𝑥�  𝚤23𝑑�  𝚤23𝑥�  𝑉𝑠2𝑑�  𝑉𝑠2𝑥�   𝚤34𝑑�  𝚤34𝑥�  𝑉𝐿𝑑�  𝑉𝐿𝑥�  𝚤𝐿𝑑�  𝚤𝐿𝑥� ]T  
  (2.163)  
 is a 18 * 1 state variable matrix. 
 𝑈11� = �𝚤𝑠2𝑑�𝚤𝑠2𝑥� � (2.164)  
 𝑈12� = �𝚤𝑠1𝑑�𝚤𝑠1𝑥� � (2.165)  
 𝑈13� = �𝜌�𝜔�� (2.166)  
The matrix 𝐴11 is the system matrix. 𝐵11, 𝐵12 and 𝐵13 are the control matrices. 𝑃311 is 
the output matrix. All these matrices are presented in Appendix A. 
2.6.2 Linearized Model of PV subsystem 
The PV subsystem is linearized using the procedure explained in section 2.6. The 
linearized state and output equations of subsystem 2 are as follows: 
 𝑋2�̇ =  𝐴22𝑋2� + 𝐵21𝑈21� + 𝐵22𝑈22� + 𝐵231𝑈231� + 𝐵232𝑈232� (2.167)  
 
�
𝚤𝑠1𝑑�
𝚤𝑠1𝑥�
� = 𝑃22𝑋2� (2.168)  
 
⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡𝑉𝑑𝑓𝑑
�
𝑉𝑑𝑓𝑥
𝚤𝑟𝑑�
𝚤𝑟𝑥�
𝚤𝑠𝑑�
𝚤𝑠𝑥�
𝑉𝑑𝑑�
�
⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎤
= 𝑃322𝑋2� 
(2.169)  
Where, 
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𝑋2� = [ 𝚤𝑟𝑑�  𝚤𝑟𝑥�  𝑉𝑑𝑓𝑑�   𝑉𝑑𝑓𝑥�  𝚤𝑠1𝑑�  𝚤𝑠1𝑥�  𝑉𝑑𝑑�  ]T  
  (2.170)  
 is a 7 * 1 state variable matrix. 
 𝑈21� = �𝑉𝑠1𝑑�𝑉𝑠1𝑥� � (2.171)  
 𝑈22� = �𝐺�� (2.172)  
 𝑈231� = �𝑚𝑑�𝑚𝑥� � (2.173)  
 𝑈232� = [𝜔�] (2.174)  
The matrix 𝐴22 is the system matrix. 𝐵21, 𝐵22, 𝐵231 and 𝐵232 are the control matrices. 
𝑃22 and 𝑃322 are the output matrices. All these matrices are presented in Appendix A. 
2.6.3 Linearized Model of Controller Subsystem 
The Controller subsystem is linearized using the procedure explained in section 2.6. The 
linearized state and output equations of subsystem 3 are as follows: 
 𝑋3�̇ =  𝐴33𝑋3� + 𝐵331𝑈31� + 𝐵332𝑈32� + 𝐵333𝑈33� + 𝐵33𝜔𝑈𝜔�  (2.175)  
 �𝜌�
𝜔�
� = 𝑃13𝑋3� (2.176)  
 
�
𝑚𝑑�
𝑚𝑥�
� = 𝑃23𝑡𝑋3� + 𝐷231𝑈31� + 𝐷232𝑈32� + 𝐷233𝑈33� + 𝐷23𝜔𝑈𝜔�  (2.177)  
 [𝜔�] = 𝑃𝜔𝑋3� (2.178)  
Where, 
𝑋3� = [ 𝑥8�  𝜌�  𝑉𝑑𝑑𝑓�  𝑉𝑑𝑥𝑓�   𝑉𝑠1𝑑𝑓�  𝑉𝑠1𝑥𝑓�  𝑥3 �𝑥5� 𝑥6� 𝑥4� 𝑥7� ]T  
61 
 
  (2.179)  
 is a 11 * 1 state variable matrix. 
 𝑈31� = �𝑉𝑠1𝑑�𝑉𝑠1𝑥� � (2.180)  
 𝑈32� = [𝑉𝑑𝑓𝑑�  𝑉𝑑𝑓𝑥�  𝚤𝑟𝑑�  𝚤𝑟𝑥�  𝚤𝑠1𝑑�  𝚤𝑠1𝑥�  𝑉𝑑𝑑� ]T (2.181)  
 𝑈33� = � 𝑉�𝑑𝑑𝑟𝑝𝑓𝑉�𝑝𝑑𝑑𝑟𝑝𝑓� (2.182)  
 𝑈𝜔� = [𝜔�] (2.183)  
The matrix 𝐴33 is the system matrix. 𝐵331,𝐵332,𝐵333 and 𝐵33𝜔 are the control matrices. 
𝑃13, 𝑃23 and 𝑃𝜔 are the output matrices. 𝐷231, 𝐷232, 𝐷233 and 𝐷23𝜔 are the feed-forward 
matrices. All these matrices are presented in Appendix A. 
It was pointed out in section 2.5.5 that the compensator of PCC voltage controller can be 
of P or PI type. If the controller is of P type, the state variable 𝑥7 has to be eliminated 
from above linearized model.   
The rows and columns to be removed from the matrices in (2.175), (2.176), (2.177) and 
(2.178) in order to eliminate the state 𝑥7 from the system is shown boxed in black using 
dotted lines for the corresponding matrices and presented in Appendix A.  
In order to study the effect of proportional type PCC voltage controller, the highlighted 
rows and columns have to be removed from the model and the order of the system 
reduces accordingly.  
2.6.4 Linearized Model of the complete system 
The linearized state space model of the complete system can be obtained by combining 
the linearized models of distribution network subsystem ((2.161) and (2.162)), PV 
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subsystem ((2.167), (2.168) and (2.169)) and controller subsystem ((2.175), (2.176), 
(2.177) and (2.178)). 
The linearized model of the complete system is of the form, 
 𝑋𝑠𝑠𝑠�̇ =  𝐴𝑠𝑠𝑠𝑋𝑠𝑠𝑠� + 𝐵𝑠𝑠𝑠𝑈𝑠𝑠𝑠� (2.184)  
Where, 
 
𝑋𝑠𝑠𝑠� = [𝑋1� 𝑋2� 𝑋3�]T 
 
(2.185)  
 𝑈𝑠𝑠𝑠� = [𝚤𝑠2𝑑�  𝚤𝑠2𝑥�  𝐺� 𝑉�𝑑𝑑𝑟𝑝𝑓 𝑉�𝑝𝑑𝑑𝑟𝑝𝑓]T (2.186)  
𝐴𝑠𝑠𝑠 = � 𝐴11 𝐵12𝑃22 𝐵13𝑃13𝐵21𝑃11 + 𝐵231𝐷231𝑃311 𝐴22 + 𝐵231𝐷232𝑃322 𝐵231𝑃23𝑚 + 𝐵231𝐷23𝜔𝑃𝜔 +
𝐵331𝑃311 𝐵332𝑃322 𝐴33 + 𝐵33𝜔𝑃𝜔 𝐵232𝑃𝜔� 
  (2.187)  
 
 
𝐵𝑠𝑠𝑠 = � 𝐵11 018𝑥1 018𝑥207𝑥2 𝐵22 𝐵231𝐷2330𝑚𝑥2 0𝑚𝑥1 𝐵333 � (2.188)  
The order of the system matrix 𝐴𝑠𝑠𝑠 is 36 * 36 if the PCC voltage controller is of PI type 
and 35 * 35 if the PCC voltage controller is of P type. 
Similarly, the order of 𝐵𝑠𝑠𝑠 is 36 * 5 if the PCC voltage controller is of PI type and        
35 * 5 if the PCC voltage controller is of P type. 
In 𝐵𝑠𝑠𝑠, the value of m is 11 if the PCC voltage controller is of PI type and is 10 if the 
PCC voltage controller is of P type. 
There are three modes of operation of PV-STATCOM namely: 
d) Full PV mode: The PV system supplies only real power and zero reactive power.  
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e) Partial PV-STATCOM mode: The PV system operates in real power priority 
mode and supplies reactive power depending on the available free capacity for 
performing PCC voltage regulation. 
f) Full STATCOM mode:  The PV system curtails its real power completely and 
acts as a STATCOM with full reactive power capacity during and post faults for 
providing voltage support to grid.  
The model developed in equation (2.184) can be used to study the dynamics of the PV 
system operating in all three modes. This is described as follows: 
(a) For Full PV mode: 
For obtaining the linearized model of PV system operating in Full PV mode, the states  
𝑉𝑠1𝑑𝑓, 𝑉𝑠1𝑥𝑓 and the inputs 𝑉𝑠1𝑑, 𝑉𝑠1𝑥 have to be eliminated from the controller 
subsystem.   
The rows and columns to be removed from the matrices in (2.175), (2.176), (2.177) and 
(2.178) in order to eliminate the states 𝑉𝑠1𝑑𝑓, 𝑉𝑠1𝑥𝑓 and inputs 𝑉𝑠1𝑑, 𝑉𝑠1𝑥 from the 
controller subsystem are shown highlighted in yellow for the corresponding matrices and 
presented in Appendix A. Also, the gain 𝐾𝑝𝑝𝑠 has to be made zero. 
The final matrices of linearized system are: 
 
𝐴𝑠𝑠𝑠
= � 𝐴11 𝐵12𝑃22 𝐵13𝑃13𝐵21𝑃11 𝐴22 + 𝐵231𝐷232𝑃322 𝐵231𝑃23𝑚 + 𝐵231𝐷23𝜔𝑃𝜔 +08𝑥18 𝐵332𝑃322 𝐴33 + 𝐵33𝜔𝑃𝜔 𝐵232𝑃𝜔� 
 
(2.189)  
 𝐵𝑠𝑠𝑠 = �𝐵11 018𝑥1 018𝑥207𝑥2 𝐵22 𝐵231𝐷23308𝑥2 08𝑥1 𝐵333 � (2.190)  
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The model has to be linearized about an operating point such that the PV system supplies 
zero reactive power.  
(b) For Partial PV-STATCOM Mode: 
This has already been explained and the model is the same as the model developed in 
equation (2.184). 
(c) For Full STATCOM mode: 
The model of PV-STATCOM operating in Full-STATCOM mode is similar to the model 
developed for Partial PV-STATCOM. The changes that have to be made in the model are 
that the PV array parameters namely 𝑎1, 𝑎2, 𝑎3, 𝑎4 and 𝑎5 have to be made zero. Also, 
the irradiance input to the PV array namely G has to be made zero.  
2.7 Simulation Platforms used for studies 
The model developed in sections 2.3, 2.4 and 2.5 represent the nonlinear averaged model 
of the entire system. This has been developed using the nonlinear equations of system in 
dq frame. The dynamics of inverter is represented using an averaged model. The model 
developed in section 2.6 represent the linearized version of the nonlinear averaged model. 
This is valid for only small perturbations of the system around the operating point about 
which the model is linearized. The simulation of linearized model and nonlinear averaged 
model are performed using MATLAB/Simulink simulation platform.  
The simulations are also performed using PSCAD/EMTDC (Power Systems Computer 
Aided Design - Electromagnetic Transients including DC). This is an industry standard 
simulation software used for electromagnetic transient simulation of power system 
networks [40]. For simulation in PSCAD/EMTDC, the system is model using nonlinear 
models available in library of PSCAD based on the nonlinear equations developed in 
sections 2.3, 2.4 and 2.5. The dynamics of inverter are represented using a switched 
model made up of insulated gate bipolar transistors (IGBTs).   
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The linearized model is first validated by comparing its response with the nonlinear 
averaged model in MATLAB. Further validation is performed by comparing the 
responses of linearized model and PSCAD/EMTDC models.    
2.8 CONCLUSION 
The detailed nonlinear state space models of distribution network, PV and Controller 
subsystems have been developed in dq frame. The need for developing the complete 
linearized model of entire system has been elaborated. The procedure for linearization 
based on Taylor series expansion of a generalized nonlinear equation has been explained 
in detail. This procedure has been individually applied to each subsystem and the 
corresponding linearized model has been developed. The developed linearized model of 
each subsystem has been combined to obtain the complete linearized model of the 
system. The various individual matrices of each subsystem have been presented in 
Appendix A.  
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Chapter 3  
3 EIGENVALUE BASED SENSITIVITY ANALYSIS AND 
CONTROLLER DESIGN FOR PV-STATCOM  
3.1 Introduction 
In this chapter, the design of various controllers of PV-STATCOM operating under Full 
PV, Partial PV-STATCOM and Full STATCOM modes are carried out.  
First, the design of PLL, current controller and DC-Link Voltage Controller for operation 
in Full PV mode are carried out using linear control techniques. The model of PV-
STATCOM operating in Full PV mode is then validated by comparing the linearized and 
PSCAD model responses.  
Second, Eigenvalue based sensitivity analysis studies are then used to arrive at the 
optimum values of PCC voltage controller gains for partial PV-STATCOM. The 
developed model of partial PV-STATCOM is also validated by comparing the linearized 
and PSCAD model responses. A comparative Eigenvalue sensitivity analysis study is 
carried out to understand the range of various parameters that affect the stability of PCC 
voltage controller.   
Third, the Eigenvalue based sensitivity analysis studies are also extended to operation of 
PV system in Full STATCOM mode for deciding the optimum values of PCC voltage 
controller gains. The developed model of Full STATCOM is also validated by comparing 
the linearized and PSCAD model responses.  
3.2 Controller Design for Partial PV-STATCOM 
As explained in chapter 2, a realistic medium voltage distribution feeder data is used to 
represent the distribution network which is again shown in Figure 3.1. The system data is 
adapted from an actual Hydro One distribution feeder in Ontario. With reference to 
Figure 3.1, the voltage at Bus 1 is 27.6 kV. This is supplied by the 115 kV supply 
substation (represented by substation grid supply) through a 32 MVA, 115 kV / 27.6 kV 
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transformer (leakage impedance of 0.05 pu). The total length of the distribution feeder is 
45 km. The length of line 1, line 2 and line 3 are 35 km, 5 km and 5 km respectively. A 
solar farm (PV System) of 8.5 MW is connected to bus 3 using a 10 MVA, 0.48 / 27.6 kV 
coupling transformer (with a leakage impedance of 0.1 pu on its own base) at 35 km from 
bus 1. The peak daytime load on the feeder is 4.82 MW and 2.2 MVAr. This is 
represented by a series RL circuit, representing the peak daytime load at nominal voltage 
of 27.6 kV. The distribution network, load and PV system data are provided in Table B. 1 
of Appendix B.  
Substation 
Grid 
Supply
Substation 
Transformer
Load8.5 MW PV 
System
Line 1 Line 2 Line 3
Bus 1 Bus 2 Bus 3 Bus 4
 
Figure 3.1 Simplified diagram of distribution network used for studies 
3.2.1 Choice of operating point 
Linearization of a nonlinear model requires the model to be linearized about an operating 
point. The operating point can be calculated by equating the linearized state and output 
equations to zero. In the model developed in Chapter 2, there are in total of 36 state 
equations. These equations are solved for a particular operating point by modeling them 
in MATLAB Simulink environment.  
It should be noted that all the PSCAD/EMTDC waveforms shown in this thesis were 
obtained by passing the original signal through a noise removal filter with suitable time 
constant to remove PWM switching frequency harmonics and its side-band harmonics. 
This is to ensure that the frequency of oscillation to be studied is visible properly in all 
the waveforms. The noise removal filter does not affect the results in anyway.   
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3.2.2 Design of PLL 
The function of PLL and its state space model have been explained in section 2.5.2. It has 
been pointed out that the choice of PI controller parameters can be found out for a 
particular bandwidth and phase margin requirements. 
The procedure for the design of PLL has been adopted from [58]. The control block 
diagram for the design of PLL is shown in Figure 3.2. The first order transfer function 
with a time constant τ2 represents the measurement filter dynamics. The integrator 
represents the dynamics of the voltage controlled oscillator (VCO), whose function is to 
generate the angle required for abc frame to dq frame transformation.   
The loop transfer function of the PLL 𝑙𝑃𝐿𝐿(𝑝) is given by, 
 𝑙𝑃𝐿𝐿(𝑝) = 𝑉𝑑� ( 1𝜏2𝑝 + 1)(𝑏1 + 𝑏2𝑝 )(1𝑝) (3.1)  
Where 𝑉𝑑�  is the nominal peak voltage at the EPC. 
The bandwidth and phase margin of the PLL can be adjusted by tuning gains 𝑏1 and 𝑏2.It 
is found from simulation studies in MATLAB that there is an inverse relation existing 
between phase margin and bandwidth of the loop transfer function of (3.1). A minimum 
phase margin of 45° is required to ensure the sufficient stability of closed loop systems 
[61].  For a phase margin of 47°, the closed loop bandwidth is 598 rad/sec. The gain 
crossover frequency is 360 rad/sec. The corresponding controller gains are found to be, 
Table 3.1 PLL Controller parameters 
Parameter Value 
𝑏1 1136.7 
𝑏2 51151 
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Figure 3.2 Control block diagram for design of PLL 
The bode plot of (3.1) for the gains in Table 3.1 is shown in Figure 3.3.  
 
Figure 3.3 Bode Plot of PLL (for b1 = 1136.7 and b2 = 51151) 
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3.2.3 Design of Current Controller 
The function of the current controller and its state space model have been explained in 
section 2.5.3. Compensators ܭௗሺݏሻ and	ܭ௤ሺݏሻ are PI controllers and can be designed 
based on bandwidth and phase margin requirements. The control block diagram to design 
the compensator ܭௗሺݏሻ is shown in Figure 3.4. The same block diagram and procedure 
applies to the design of	ܭ௤ሺݏሻ. 
+
‐
ܭ݀ሺݏሻ
1
ܮ݂ݏ ൅ ݂ܴ
+ +
ܸܥ݂݀
݅ݐ݀ݎ݂݁   ݅ݐ݀  
 
Figure 3.4 Control Block Diagram for design of current controller 
Due to the delay introduced by feed-forward filter, the ac side dynamics cannot be 
represented only by using a RL circuit. There are some un-modeled ac side dynamics 
which get cancelled when the feed-forward voltage 	 ௖ܸௗ is perfect without any delay. But, 
if there is some delay, the model of ac side dynamics cannot be considered to only be a 
RL circuit and the method of pole zero cancellation [18] may not be the best method for 
current controller design. Hence, the current controller is designed with adequate phase 
margin so that controller remains stable even due to un-modeled system dynamics [18]. 
The dynamics of the feed-forward filter of 	 ௖ܸௗ can be considered as a disturbance and 
can be neglected for designing	ܭௗሺݏሻ. The loop transfer function of current controller 
݈ூሺݏሻ is given by, 
 ݈ூሺݏሻ ൌ ሺܭ௣௜ଵ ൅ ܭ௜௜ଵݏ ሻሺ
1
ܮ௙ݏ ൅ ௙ܴሻ 
(3.2)
The closed transfer function of the current controller ܥூሺݏሻ is given by, 
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 ܥூሺݏሻ ൌ
ܭ௣௜ଵ
ܮ௙ ݏ ൅
ܭ௜௜ଵܮ௙
ݏଶ ൅ ݏ ൬ ௙ܴ ൅ ܭ௣௜ଵܮ௙ ൰ ൅
ܭ௜௜ଵܮ௙
 
(3.3)
The current controller is designed based on the following specifications: 
a) Bandwidth  
b) Phase margin 
The bandwidth of the current controller is usually chosen to be at least 10 to 20 times 
lower than the switching frequency of inverter [62]. The switching frequency of the 
inverter is chosen to be 5940 Hz (or 37303.2 rad/sec). For a phase margin of 
approximately 60°, the PI controller parameters are tuned such that the bandwidth of 
current controller is 1910 rad/sec (approximately 20 times lower than the switching 
frequency). The gain crossover frequency is 1380 rad/sec. The controller gains are given 
in Table 3.2. 
Table 3.2 Current Controller Parameters 
Parameter Value 
ܭ௣௜ଵ (and ܭ௣௜ଶ) 0.034672 
ܭ௜௜ଵ	(and ܭ௜௜ଶ) 31.52 
 
The bode plot is shown in Figure 3.5. The response of the control block diagram 
(linearized model) of current controller and PSCAD / EMTDC model to a step of 2.5 kA 
is shown in Figure 3.6. A comparison between the responses are shown in Table 3.3. It 
can be seen that the peak time and settling time of both the models are very close to each 
other. This validates the designed current controller gains.  
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Figure 3.5 Bode Plot of Current Controller (for Kp = 0.0347 and Ki = 31.52) 
 
Figure 3.6 Step Response of Current Controller 
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Table 3.3 Comparison between current controller responses 
Parameter  Time of first peak 
(Peak Time) (ms) 
Settling Time ( 5 % error 
of steady state ) (ms) 
Control Block Diagram 2.3 4.1 
PSCAD / EMTDC Model 2.6 (approximately) 4.2 (approximately) 
 
3.2.4 Design of DC-Link Voltage Controller 
The function of the DC-Link Voltage controller and its state space model have been 
explained in section 2.5.4. The PI controller of the compensator ܭ௏ሺݏሻ can be designed 
based on bandwidth and phase margin requirements. The control block diagram 
(simplified model) to design the controller is shown in Figure 3.7. 
+
‐ܸ݀ ܿݎ݂݁෫ ܭܸሺݏሻ ܥܫሺݏሻ ܩܸܫ݀ ሺݏሻ ܸ݀
෪ܿ 	
 
Figure 3.7 Control Block Diagram to design DC-link voltage controller (simplified 
model) 
The value of  ௗܸ௖௥௘௙ depends on the maximum power point voltage for a given irradiance 
of the PV array. The value of this voltage has been calculated for the maximum 
irradiance of 1 kW/݉ଶ and is found to be 1.0255 kV. The PV panel data given in 
Appendix B pertains to LDK-230P-20 [47]. It can be understood from the IV curve of 
this panel [63] that the maximum power point voltage is relatively less sensitive to 
irradiance. Hence, it is assumed that it remains fairly constant with change in irradiance.  
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The transfer function between ݅௧ௗ and ௗܸ௖ is ܩ௏ூ೏ሺݏሻ, and it can be obtained by 
linearizing equation (2.61). The effect of ݅௧௤ and ݉௤ on the dynamics of ௗܸ௖ is very small 
and have been neglected for simplicity.  ܩ௏ூ೏ሺݏሻ is given by, 
 ܩ௏ூ೏ሺݏሻ ൌ
ݔ௏ௗ௖ଶ
ݏ െ ݔ௏ௗ௖ଵ 
(3.4)
Where, 
 
ݔ௏ௗ௖ଵ
ൌ ሺെܽଶܽଷ݁
௔య௏೏೎೚ା௔రூ೛ೡ೚ሻ െ ൫ܽଶܽସ݁௔య௏೏೎೚ା௔రூ೛ೡ೚ ∗ ܫ௣௩௩௢൯ െ ܽହ
ܥௗ௖  
 
(3.5)
 ݔ௏ௗ௖ଶ ൌ
ሺെ3 ∗ ݉ௗ௢ሻ
4ܥௗ௖  
(3.6)
The steady state values can be found for a particular operating by equating (2.61) and 
(2.93)  to zero. The data for one such operating point is provided in Table B. 2 of 
Appendix B.  
The loop transfer function of the control block diagram in Figure 3.7 without considering 
the PI controller of ܭ௏ሺݏሻ  is,  
 ݈௩ሺݏሻ ൌ ሺ 1߬௏ௗ௖ݏ ൅ 1ሻܥூሺݏሻܩ௏ூ೏ሺݏሻ 
(3.7)
Equation (3.7) represents the loop gain of the uncompensated system. The bode plot of 
the uncompensated system is shown in Figure 3.8. 
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Figure 3.8 Bode plot of uncompensated system of DC-Link Voltage Controller 
It is evident in Figure 3.8 that the system suffers steady state error although it has infinite 
phase margin. This can be solved by designing the PI controller for a particular 
bandwidth and phase margin. The cross-over frequency ߱௟௢௢௣௏ௗ௖ of the DC-link voltage 
controller is chosen to be 3 times slower than that of the current controller. For a cross 
over frequency of 1380 rad/sec for the current controller, ߱௟௢௢௣௏ௗ௖ will be 460 rad/sec. 
The PI values are tuned such that a phase margin of 60° is available at	߱௟௢௢௣௏ௗ௖. The 
values of PI gains are given in Table 3.4. 
Table 3.4 DC-Link Voltage Controller Parameters 
Parameter Value 
ܭ௣௩  19.0492 
ܭ௜௩ 4762.3 
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The bode plot of the compensated system is shown in Figure 3.9. 
 
Figure 3.9 Bode plot of compensated system of DC-Link Voltage Controller 
The response of the control block diagram (simplified model) of DC-Link Voltage 
controller and PSCAD / EMTDC model to a step of 10% of ௗܸ௖௥௘௙ is shown in Figure 
3.10. The settling time of PSCAD / EMTDC model is around 6.5 ms whereas the settling 
time of linearized model is around 5.8 ms for 1% error margin. This shows that the 
responses of both the models are close to each other. But, the transient response of 
PSCAD / EMTDC model is more damped when compared with the transient response of 
simplified model. The reason for this discrepancy can be explained as follows: 
The transfer function of (3.4) was obtained by linearizing equation (2.61). Equation 
(2.61) consists of the dynamics of inverter and PV array. With regard to simplified dc-
link voltage controller model, the dynamics of inverter is represented by the term 
െଷ୫ౚ୧౪ౚସେౚౙ  and dynamics of PV array is represented by the term െ
௔ఱ௏೏೎
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௔మ൛௘ೌయೇ೏೎శೌర಺೛ೡିଵൟ
஼೏೎ . It is due to high degree of nonlinearity of the term representing PV 
array dynamics that the transient responses exhibit differences. But, the controller 
designed with a phase margin of 60° remains stable even when subjected to large signal 
disturbances as it can be understood from studies in the next chapters.  
For operation of PV system in Full STATCOM mode, the simplified model of dc-link 
voltage controller will be represented only by the inverter dynamics. In this case, the 
transient response of simplified model and PSCAD / EMTDC models matches closely. 
This will be shown later in this chapter while validating Full STATCOM model which 
will confirm the difference in response of Figure 3.10 is only due to nonlinearity of PV 
array.  
 
Figure 3.10 Step Response of DC-link Voltage Controller (for G = 0.85 kW/࢓૛) 
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3.2.5 Validation of linearized model operating in Full PV mode 
The linearized model of PV system operating in Full PV mode has been developed in 
section 2.6.4. The controller subsystem consists of the measurement filter, PLL, current 
controllers and DC-link voltage controller. It does not include the dynamics of PCC 
voltage controller. The measurement filter time constants ߬ଵ and ߬ଶ are initially chosen as 
2 ms to represent delays. They are chosen such that the bandwidths of measurement 
filters are in the range of bandwidths of current controllers and dc-link voltage controller. 
This presents a scenario where there could exist an interaction between these controllers 
and measurement filters since their bandwidths are closer. Further analysis will be 
performed in this chapter where the time constants would be varied to study its effect on 
PV system stability. 
All the controllers have been designed except the PCC voltage controller. The model can 
be linearized about an operating point and its performance can be validated by 
performing step-response studies.   
The model is linearized about three operating points such that G=0.95 kW/݉ଶ, 0.5 
kW/݉ଶ and 0.25 kW/݉ଶ. At each operating point, a step response of 0.05 kW/݉ଶ is 
applied to the irradiance input and, the responses of dc-link voltage ௗܸ௖ and active power 
௏ܲௌ஼ are compared for the linearized and PSCAD / EMTDC models for validating the 
linearized model.  
Figure 3.11, Figure 3.12 and Figure 3.13  shows the responses of dc-link voltage ௗܸ௖ and 
active power ௏ܲௌ஼ to a step change in irradiance from 0.95 kW/݉ଶ to 1 kW/݉ଶ, 0.5 
kW/݉ଶ to 0.55 kW/݉ଶ and 0.25 kW/݉ଶ to 0.3 kW/݉ଶ respectively. It can be seen that 
the response of both linearized and PSCAD/EMTDC models match closely in both 
transient and steady state for all the cases. This validates the developed model for the 
operation of PV system in Full PV mode. 
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Figure 3.11 Response of ࢂࢊࢉ and ࡼࢂࡿ࡯ for a step change in G = 0.95 to 1 kW/࢓૛ 
 
Figure 3.12 Response of ࢂࢊࢉ and ࡼࢂࡿ࡯ for a step change in G = 0.5 to 0.55 kW/࢓૛ 
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Figure 3.13 Response of ࢂࢊࢉ and ࡼࢂࡿ࡯ for a step change in G = 0.25 to 0.3 kW/࢓૛ 
3.2.6 Design of PCC Voltage Controller 
The function of the PCC Voltage controller and its state space model has been explained 
in section 2.5.5. It was pointed out that the controller can be of P or PI type. The state 
space model developed in section 2.6.4 is used for designing the PCC voltage controller. 
The design of P type PCC voltage controller is first discussed and its disadvantages are 
shown. The design of PI type PCC voltage controller is discussed later and its advantages 
over the P type controller are shown. 
3.2.6.1 Proportional Controller 
The proportional controller represents the implementation of Volt/Var control and 
dynamic reactive current injection with a Smart PV inverter. Both these functions were 
explained in chapter 1. Both functions eventually involve injection of reactive current 
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based on an error between a reference voltage and actual voltage. The only main 
difference is that the speed of operation of reactive current controller is much faster for 
dynamic reactive current injection when compared to Volt/Var control. Initially, it is 
assumed that both functions are implemented with a fast reactive current controller so 
that a common platform for performing studies is established. This ensures that any 
proportional gain calculated for Volt/Var control is equally valid for dynamic reactive 
current injection and vice versa.  
 
In order to calculate the slope of Volt/Var control curve, an equation has been developed 
in [30] which relates the active power rating of PV system and the maximum allowed 
power factor at PCC. This is given by, 
 
 ܭଵ ൌ ேܲ tan߮௠௔௫∆ ௗܸ௥௢௢௣  
(3.8)
Where, 
Pே is the nominal active power rating of the PV system 
߮௠௔௫ is the maximum displacement angle to which the PV inverter can operate 
∆ ௗܸ௥௢௢௣	is the voltage range of the volt/var curve and is given by [64], 
 ∆ ௗܸ௥௢௢௣ ൌ ௗܸ െ ௧ܸ௛ (3.9)
Where, 
ௗܸ	is the maximum voltage allowed at the PCC. This depends on the grid code. In this 
thesis, the maximum value of ௗܸ is chosen as 1.06 pu (per unit) which is the maximum 
steady state voltage limit as per Hydro One Distributed Generation (DG) Technical 
Interconnection Requirements  [9]. 
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௧ܸ௛	is the voltage threshold beyond which the PV system should start absorbing reactive 
power to mitigate voltage rise. This depends on whether the Volt/Var curve contains a 
dead band region or not.  
߮௠௔௫	can be calculated based on the maximum power factor allowed at the PCC. In this 
thesis, Hydro One DG interconnection requirements are followed [9] which limits the 
power factor between 0.95 leading and 0.95 lagging. Hence, the initial value of power 
factor is chosen as 0.95 to determine the limit for the magnitude of reactive power 
absorption/injection.  
 
In this thesis, it is assumed that there is no dead band in the volt/var curve. This is 
because stability problems occur only in the linear region and this is of interest for study 
in this thesis. Also, the reference voltage of PCC voltage controller (determined by ௧ܸ௛ 
for the volt/var curve) is chosen as 1 pu although the maximum steady state voltage limit 
allowed is 1.06 pu. This is because maintaining voltage at 1 pu ensures the availability of 
sufficient steady state over-voltage margin and in-turn increases the hosting capacity of 
distribution feeders for connecting additional distribution generators [22]. Also, this 
represents a symmetrical linear curve for the entire range of Volt/Var operation. The 
calculation of pu voltage is shown in Appendix B. 
 
The proportional gain ܭ௣௩௦ represents the relation between the error in PCC voltage from 
the reference which is 1 pu and inverter reactive current ݅௧௤. Hence, it has the unit kA/kV. 
Kଵ represents the relation between error in PCC voltage from the reference and reactive 
power. It has a unit of MVAr/kV, where ∆ ௗܸ௥௢௢௣ is in kV. A relation can be established 
between Kଵ and  ܭ௣௩௦ as given below, 
 ܭ௣௩௦ ൌ 2ܭଵ3 ௖ܸௗ௢ 
(3.10)
The various parameters in equations (3.8) and (3.10) have been calculated, and provided 
in Table B. 3 of Appendix B. The value of  ܭଵ is 2.122 and K௣௩௦ is 3.609 for ௗܸ ൌ
1.06	pu. This is considered as an initial value for the proportional gain. The discussion 
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provided for the stability of proportional controller is applicable to both volt/var control 
and the dynamic reactive current injection.  
Stability studies are carried out with the model developed in chapter 2 using the 
proportional controller defined in equation (3.10). The operating point is chosen for the 
PV system operating with an irradiance of 0.85 kW/݉ଶ such that	P௏ௌ஼ ൌ 6.88	ܯܹ. This 
ensures that there is sufficient free capacity in inverter where it can inject / absorb a 
maximum of 4.99 MVAr reactive power and perform PCC voltage control. The nonlinear 
state equations are solved using MATLAB/Simulink to obtain the steady state values at 
the chosen operating point data and the model is linearized about this point.  
Eigenvalue studies are carried out using the state space model of (2.184) in MATLAB. 
There are a total of 35 Eigenvalues obtained for this model. Out of these, only the 
dominant eigenvalues that are strongly influenced by the PCC voltage controller 
parameters are shown below. 
Table 3.5 Dominant Eigenvalue for ۹࢖࢙࢜ = 3.609 and G = 0.85 kW/࢓૛ 
Eigenvalues Damping Ratio (in 
%) 
Natural Frequency 
(rad/s) 
-29.702 േ	j	1032 2.88  1030 
 
Participation Factor analysis is used to find out the states that participate in this 
eigenvalue. It is define as the product of left and right eigenvectors of an eigenvalue. The 
participation factor of a state variable ݔప෥  in an eigenvalue	ߣ௣ can be found by [54] [65], 
 ݌௜௣ ൌ ݒ௣௜ݑ௣௜  (3.11)
Where ݒ௣࢏  and ݑ௣࢏  represent the i th elements of the vector of ݒ௣ and ݑ௣. ݒ௣ and ݑ௣ are the 
left and right eigenvectors of ܣ௦௬௦ respectively. The participation factor p௜௣ is a complex 
number and hence, only the magnitude of the complex number is used for studies.  
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The eigenvectors and participation factors are computed in MATLAB by utilizing the 
program available in [65]. The participation factors of all 35 state variables are computed 
but only those that have a significant participation in the eigenvalue are studied. State 
variables with participation factors smaller than 0.01 are ignored in this case. The 
participation factors of dominant states are shown in Table 3.6. 
Table 3.6 Participation Factors in -29.702 േ	ܒ	1032 (۹࢖࢙࢜ = 3.609 and G = 0.85) 
State Variables Participation Factor State Variables 
Participation 
Factor 
ଓଵଶௗ෦  0.0775 ௖ܸௗ௙෪  0.0782 
ଓଵଶ௤෦  0.0279 ௖ܸ௤௙෪  0.0421 
ଓ௅ௗ෦  0.0231 
 
௦ܸଵௗ௙෫  0.0969 
ଓ௧ௗ෦  0.133 ௦ܸଵ௤௙෫  0.0122 
ଓ௧௤෦  0.079 ݔଷ෦ 0.249 
ଓ௦ଵௗ෦  0.0301 ݔହ෦ 0.0464 
ଓ௦ଵ௤෦  0.0223 ݔ଺෦ 0.1429 
ௗܸ௖෪  0.196 ݔସ෦ 0.0938 
ߩ෤ 0.022   
From participation factor analysis, it can be understood that the major states that 
participate in the eigenvalue are 	ݔଷ෦, ௗܸ௖෪ , 	ݔ଺෦	and	ଓ௧ௗ෦ . These states pertain to the DC-link 
voltage control loop. Also, the other states namely		ݔସ෦, 	ଓ௧௤෦  (PCC voltage control loop), 
ଓଵଶௗ෦  (distribution feeder current) and  Vୡୢ୤෪  ,  Vୱଵୢ୤෫  (measurement filters) also have 
significant participation in the eigenvalue. This shows that there is an interaction between 
the DC-Link Voltage control loop, PCC voltage control loop and the distribution feeder 
current ଓଵଶௗ෦ . The interaction is further influenced by the filter time constants namely τଵ 
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and τଶ. But, it will be shown later than the participation of PCC voltage control loop 
states will increase as the value of K୮୴ୱ increases. 
The presence of the eigenvalue -29.702 േ	j	1032 in the system and the interaction can be 
confirmed by applying a step response to PCC voltage of the linearized, nonlinear 
averaged and PSCAD / EMTDC models, and comparing the responses of PCC voltage 
and DC-Link voltage. The response of nonlinear averaged model is shown only for this 
case for comprehensive comparison of models and is not shown later in this thesis.   
At the operating point about which the system is linearized, ௣ܸ௖௖௥௘௙ is 1.0098 pu. The 
PCC voltage controller regulates the PCC voltage at 1.0113 pu. The steady state error is 
due to the controller being proportional in nature. A step of -2.5 % is applied to the PCC 
voltage controller. The PCC voltage response of linearized model, nonlinear averaged 
model and PSCAD/EMTDC model are shown in Figure 3.14. The comparison between 
the damped frequency of the dominant eigenvalue and the damped frequency of the 
different model responses is shown in Table 3.7. 
Table 3.7 Comparison between damped frequencies (۹࢖࢙࢜ = 3.609, G = 0.85) 
Parameter  Damped frequency (rad/s) Settling time (ms) (for 5 
% of steady state value) 
Dominant Eigenvalue 
-29.702 േ j	1032 
1032 (164.33 Hz)  
Linearized Model 1031.4 (164.23 Hz) 47 
Nonlinear Averaged Model 1052.9 (167.65 Hz) 132 
PSCAD / EMTDC Model 1049.3 (167.08 Hz) 77 
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Figure 3.14 Step Response of PCC Voltage (For ۹࢖࢙࢜ = 3.609, G = 0.85) 
From Table 3.7, it can be seen that the damped frequencies of different models are very 
close to each other. This confirms the presence of the eigenvalue -29.702 േ	j	1032 in the 
system.  
The response of DC-Link voltage of linearized model, nonlinear averaged model and 
PSCAD/EMTDC are shown in Figure 3.15. It can be seen that the transient response of 
both the models exhibit oscillations which are due to the presence of eigenvalue -29.702 
േ	j	1032 in the system.  
It is clear from Figure 3.14 and Figure 3.15 that the interaction exists between the DC-
link voltage control loop, PCC voltage control loop, distribution feeder current  ݅ଵଶௗ, and 
the output of measurement filters ௖ܸௗ௙ and ௦ܸଵௗ௙  as shown earlier by participation factor 
analysis.  
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Figure 3.15 DC-Link Voltage Response to a step change in PCC voltage (for ۹࢖࢙࢜ = 
3.609, G = 0.85) 
In Figure 3.14 and Figure 3.15, there are differences in the damping of oscillations in the 
PCC voltage and DC-link voltage responses of the models. The responses of the 
linearized model are more damped when compared with the responses of nonlinear 
averaged and PSCAD / EMTDC models. This can be attributed to the degree of 
nonlinearity of the model. Also, the responses of PSCAD / EMTDC models are more 
damped when compared with the responses of nonlinear averaged model. This is due to 
the presence of parasitic resistances in the models of components such as IGBT, Diode 
etc. in PSCAD / EMTDC.   
It can clearly be seen from Figure 3.14 and Figure 3.15 that the presence of the 
eigenvalue -29.702 േ	j	1032 renders the response of the system to be poorly damped and 
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it could become oscillatory for large disturbances. Hence, the system with this eigenvalue 
is not desirable and its sensitivity to controller parameters has to be studied.  
The interaction between dc-link voltage control loop, PCC voltage control loop, 
distribution feeder current  ݅ଵଶௗ, and the output of measurement filters can be understood 
as follows: 
The excess active power generated by the PV system (power available after load 
consumption) flows towards the substation grid and this active power affects the PCC 
voltage. When the PV system performs PCC voltage control, it exchanges reactive power 
with the substation grid. In steady-state, the relation between PCC voltage, active power 
and reactive power of the PV system is given by [22]: 
 ௦ܸଵ൫ ௣ܸ௖௖൯ ൌ ሺ ଵܴܲଵሻ ൅ ሺേܳଵ ଵܺሻଵܸ ൅ ݆
ሺ ଵܲ ଵܺሻ െ ሺേܳଵܴଵሻ
ଵܸ
൅ ଵܸ (3.12)
Where ଵܲ and ܳଵ are net powers flowing towards the substation grid.  
ଵܲ and ܳଵ are dependent on ௏ܲௌ஼ and ܳ௏ௌ஼ respectively. In steady state, ௏ܲௌ஼ is controlled 
by ݅௧ௗ which is determined by the DC-link voltage control loop and ܳ௏ௌ஼ is controlled by 
݅௧௤ which is determined by the PCC voltage control loop. Equation (3.12) shows the 
coupling between the ௏ܲௌ஼ and ܳ௏ௌ஼. When ܳ௏ௌ஼ is increased / decreased to change PCC 
voltage, ௏ܲௌ஼ gets affected. In order to maintain ௏ܲௌ஼ constant (under maximum power 
point operation by PV system), the dc-link voltage control loop changes ݅௧ௗ according to 
the change in PCC voltage. This proves that there exists a coupling between DC-link 
voltage and PCC voltage control loops.  
Changes in ௦ܸଵ also affect ௖ܸ. Voltages ௖ܸௗ and ௖ܸ௤ have been used as feed-forward 
signals to improve the transient performance of current controllers. These feed-forward 
signals also help in minimizing the interactions between the DC-link voltage and PCC 
voltage controllers in transient. Signal ௖ܸ௤ is also the input to PLL which outputs signal ߱ 
to decouple ݅௧ௗ and ݅௧௤ control loops. When there are delays (due to measurement system, 
communication etc.) in obtaining signals Vୡୢ	and	Vୡ୯, they influence the transient 
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coupling between dc-link and PCC voltage control loops. If such an interaction exists, 
delays in PCC voltage controller (determined by 𝜏1) also influences the interaction. This 
is the reason for the interaction observed between DC-link voltage control loop, PCC 
voltage control loop, distribution feeder current 𝐾12𝑑 and measurement filters of 𝑉𝑑𝑑𝑓 and 
𝑉𝑠1𝑑𝑓. This is depicted using a simple diagram as shown in Figure 3.16.   
 
Figure 3.16 Depiction of interaction between PCC voltage control loop, dc-link 
voltage control loop and delays of feed-forward filters 
The interaction described above has also been reported in [32] and [17]. In [17], it has 
been reported that the PCC voltage controller is affected by the injected real power since 
the PCC voltage depends on both the injected active and reactive powers in distribution 
networks where resistance is not negligible. In [32], it has been reported that the DC-Link 
Voltage controller and PCC voltage controller are dynamically coupled in distribution 
networks where the value of X/R ratio is very small. It can also be seen that the 
interaction is influenced by distribution feeder current 𝐾12𝑑 whose dynamics are 
dependent on X/R ratio of distribution feeder (2.18) as reported in [17], [32].    
The eigenvalue that represents the interaction is sensitive to the following controller 
parameters: 
a) Kpv,Kiv,τVdc,Kpi1, Kii1 : These parameters pertain to the dc-link voltage control 
loop. They mainly influence the states 𝚤𝑟𝑑� , 𝑉𝑑𝑑� ,  𝑥3�  and 𝑥6� . These parameters have 
been chosen based on particular phase margin and bandwidth requirements. These 
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parameters can be changed and the sensitivity of above reported eigenvalue can 
be studied. This is avoided for the following reasons: 
 This might reduce the bandwidth of dc-link voltage controller. A faster 
dc-link voltage controller is a primary requirement for proper supply of 
active and reactive powers by PV system.  
 The focus is on studying the sensitivity of this eigenvalue to PCC 
voltage controller gains and establish guidelines for minimizing the 
interaction. This would ensure that the dc-link voltage controller 
designed using the simplified model is valid.  
 
b) τଵ	ܽ݊݀	τଶ: The participation of ௖ܸௗ௙ and ௦ܸଵௗ௙ implies that the stability of this 
eigenvalue is affected by the measurement filter time constants	τଵ	ܽ݊݀	τଶ. The 
values will be changed and its sensitivity to the dominant eigenvalue will be 
studied later in this chapter. 
 
c) K୮୴ୱ,K୮୧ଶ, K୧୧ଶ :  These parameters pertain to the PCC voltage control loop. They 
mainly influence the states ଓ௧௤෦ , ݔସ෦. K୮୴ୱ represents the proportional gain. 
Parameters K୮୧ଶ and K୧୧ଶ determine the bandwidth of q-axis current controller.  
These values will be changed and its sensitivity to the dominant eigenvalue will 
be studied later in this chapter.  
 
The sensitivity of this eigenvalue to proportional gain is studied in this section. K௣௩௦ is 
varied from 3.609 to 6.75 and the movement (sensitivity) of the dominant eigenvalue of 
the system is plotted in Figure 3.17. It can be seen that the dominant eigenvalue moves 
towards the right half of S-plane. For K௣௩௦ ൌ 6.25, the dominant eigenvalue is 0.99 
േ	j	1096.4 and this represents an unstable eigenvalue.   
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Figure 3.17 Sensitivity of dominant eigenvalue to variation in ۹࢖࢙࢜ (for G=0.85) 
The existence of the unstable eigenvalue for K௣௩௦ ൌ 6.25 in the system can be confirmed 
by observing the step response in PCC voltage of PSCAD / EMTDC model. A step of      
-2.5% is applied to the PCC voltage controller at a time of 1 second and the response is 
shown in Figure 3.18. It can be seen that the PCC voltage begins to oscillate and it keeps 
growing leading to an unstable response. The damped frequency of the oscillation is 
found to be 175.4 Hz (1101.5 rad/s) which confirms the presence of the eigenvalue 0.99 
േ	j	1096.4.  
It can be seen that when the proportional gain increases beyond a certain value 
(represented by increase in K௣௩௦), the system becomes unstable. This imposes limitations 
on the application of volt/var curve or dynamic reactive current injection to perform 
effective and fast voltage control. These limitations can be overcome by the use of a PI 
controller for PCC voltage control. 
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Figure 3.18 Step Response of PCC Voltage in PSCAD / EMTDC Model                                    
(For ۹࢖࢙࢜ = 6.25, G = 0.85) 
3.2.6.2 Proportional Integral Controller 
The PI controller represents the control structure of a PV-STATCOM. The PI controller 
has two adjustable control parameters namely ܭ௣௩௦ and	ܭ௜௩௦. The value of	ܭௗ௥௢௢௣ is 
considered to be zero throughout this chapter. The design of these two parameters will be 
carried out based on sensitivity studies using the state space model developed in section 
2.6.4.   
The nonlinear system is linearized about the same operating point utilized for the design 
of proportional controller where the PV system is operating with an irradiance of 0.85 
kW/݉ଶ such that	P௏ௌ஼ ൌ 6.88	ܯܹ. Eigenvalue sensitivity analysis is performed using 
the linearized model for variation in ܭ௣௩௦ and	ܭ௜௩௦. 
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At first, 	ܭ௜௩௦ is fixed at 1 and the value of ܭ௣௩௦ is varied from 0.1 to 6. For ܭ௣௩௦ ൌ 0.1, 
the dominant eigenvalues of the system that are strongly related to PCC voltage 
controller gains are given in Table 3.8. 
Table 3.8  Dominant Eigenvalues for ۹࢖࢙࢜ = 0.1, 	ࡷ࢏࢙࢜= 1 and G = 0.85 kW/࢓૛ 
Eigenvalues Damping Ratio (in 
%) 
Natural Frequency 
(rad/s) 
-114.54 േ	j	960.96 11.8  968 (154.14 Hz) 
-0.2556 -- -- 
 
The sensitivity of these two eigenvalues to variation in ܭ௣௩௦ from 0.1 to 6 is studied. The 
sensitivity of the eigenvalue -114.54 േ	j	960.96 to variation in ܭ௣௩௦ is shown in Figure 
3.19. It can be seen that the eigenvalue is very sensitive to ܭ௣௩௦ and it moves towards the 
right half of S-plane as ܭ௣௩௦ increases. For K௣௩௦ = 6 and 	ܭ௜௩௦= 1, the eigenvalue is at 
3.5285 േ	j	1098.3. This represents an unstable eigenvalue.  
The sensitivity of the eigenvalue -0.2556 to variation in ܭ௣௩௦ is shown in Figure 3.20. It 
can be seen that the eigenvalue is less sensitive to ܭ௣௩௦ but it moves towards the right half 
of S-plane as ܭ௣௩௦ increases. For K௣௩௦ = 6 and 	ܭ௜௩௦= 1, the eigenvalue is at -0.1019.  
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Figure 3.19 Sensitivity of eigenvalue -114.54 േ	ܒ	960.96  to variation in ۹࢖࢙࢜ (for 
	ࡷ࢏࢙࢜= 1  and G = 0.85 kW/࢓૛) 
 
Figure 3.20 Sensitivity of eigenvalue -0.2556 to variation in ۹࢖࢙࢜ (for 	ࡷ࢏࢙࢜= 1  and G 
= 0.85 kW/࢓૛) 
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Participation factor analysis is performed to identify the states that participate in the 
eigenvalues 3.5285 േ	j	1098.3 and -0.1019. The participation factors of states that have a 
significant participation in both the eigenvalues are shown in Table 3.9.  
Table 3.9 Participation Factors in dominant eigenvalues (۹ܘܞܛ = 6, 	۹ܑܞܛ= 1 and G = 
0.85) 
State 
Variables 
Participation Factor 
State 
Variables 
Participation Factor 
For 
Eigenvalue 
3.5285 
േ	ܒ	1098.3 
 
For 
Eigenvalue   
-0.1019 
For 
Eigenvalue 
3.5285 
േ ܒ	1098.3 
 
For 
Eigenvalue  
-0.1019 
ଓଵଶௗ෦  0.0832 0 ௖ܸௗ௙෪  0.0711 0 
ଓଵଶ௤෦  0.0340 0 ௖ܸ௤௙෪  0.0496 0 
ଓ௅ௗ෦  0.0278 0 ௦ܸଵௗ௙෫  0.141 0 
ଓ௅௤෦  0.0103 0 ௦ܸଵ௤௙෫  0.0233 0 
ଓ௧ௗ෦  0.124 0 ݔଷ෦ 0.206 0 
ଓ௧௤෦  0.108 0 ݔହ෦ 0.0347 0 
ଓ௦ଵௗ෦  0.0263 0 ݔ଺෦ 0.115 0 
ଓ௦ଵ௤෦  0.0295 0 ݔସ෦ 0.117 0 
ௗܸ௖෪  0.156 0 ݔ଻෦ 0 1.00 
ߩ෤ 0.0241 0    
It can be seen from Table 3.9 that for the eigenvalue 3.5285 േ	j	1098.3, the states that 
relatively have a dominant participation are 	ଓ௧ௗ෦ , ௗܸ௖෪ , 	ݔଷ෦, 	ݔ଺෦	 (DC-link voltage control 
loop), ଓ௧௤෦ , ݔସ෦ (PCC voltage control loop), ıଵଶ෦ୢ  (distribution feeder current) and 	
Vୡୢ୤෪  ,  Vୱଵୢ୤෫  ( measurement filters). This shows that there is an interaction between the 
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DC-Link Voltage control loop, PCC voltage control loop, the distribution feeder current  
ଓଵଶௗ෦  and the measurement filters which was earlier observed during the design of 
proportional type PCC voltage controller. For the eigenvalue -0.1019, the only state that 
has a significant participation is ݔ଻෦ which pertains to the PCC voltage controller.  
From the above participation factor analysis, it can be concluded that increase in 
proportional gain of the PI controller will only render the system unstable due to 
increased interaction between DC-Link Voltage control loop, PCC voltage control loop, 
the distribution feeder current  ଓଵଶௗ෦  and the measurement filters. 
 
Second, 	ܭ௣௩௦ is fixed at 0.5 and the value of ܭ௜௩௦ is varied from 1 to 600. For ܭ௜௩௦ ൌ 50, 
the dominant eigenvalues of the system that are strongly related to PCC voltage 
controller gains are given in Table 3.10. 
Table 3.10 Dominant Eigenvalues for ۹࢖࢙࢜ = 0.5, 	ࡷ࢏࢙࢜= 50 and G = 0.85 kW/࢓૛ 
Eigenvalues Damping Ratio (in 
%) 
Natural Frequency 
(rad/s) 
-100.14 േ	j	964.63 10.3  970 (154.45 Hz) 
-11.82 -- -- 
 
The sensitivity of these two eigenvalues to variation in ܭ௜௩௦ from 50 to 600 is studied. 
The sensitivity of the eigenvalue -100.14 േ	j	964.63 to variation in ܭ௜௩௦ is shown in 
Figure 3.21. It can be seen that the eigenvalue is less sensitive to ܭ௜௩௦ but it moves 
towards the right half of S-plane as ܭ௜௩௦ increases. For K௣௩௦ = 0.5 and 	ܭ௜௩௦= 600, the 
eigenvalue is at -92.46 േ	j	942.17.  
The sensitivity of the eigenvalue -11.82 to variation in ܭ௜௩௦ is shown in Figure 3.22. It 
can be seen that the eigenvalue is very sensitive to ܭ௜௩௦ and it moves towards the left half 
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of S-plane as ܭ௜௩௦ increases which indicates the system becomes more stable. For K௣௩௦ = 
0.5 and 	ܭ௜௩௦= 600, the eigenvalue is at -210.50.  
Participation factor analysis is performed to identify the states that participate in the 
eigenvalues -92.46 േ	j	942.17 and -210.50. The participation factors of states that have a 
significant participation in both the eigenvalues are shown in Table 3.11.  
It can be seen from Table 3.11 that for the eigenvalue -92.46േ	j	942.17, the states that 
relatively have a dominant participation are 	ଓ௧ௗ෦ , ௗܸ௖෪ , 	ݔଷ෦, 	ݔ଺෦	 (DC-link voltage control 
loop), ݔସ෦ (PCC voltage controller), ıଵଶ෦ୢ  (distribution feeder current) and 	
Vୡୢ୤෪  ( measurement filter). This again represents interaction between the DC-Link 
Voltage control loop, PCC voltage control loop, the distribution feeder current  ଓଵଶௗ෦  and 
the measurement filter.  
 
 
Figure 3.21 Sensitivity of eigenvalue -100.14 േ	ܒ	964.63 to variation in ۹࢏࢙࢜ (for 
	ࡷ࢖࢙࢜= 0.5  and G = 0.85 kW/࢓૛) 
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Figure 3.22 Sensitivity of eigenvalue -11.82 to variation in ۹࢏࢙࢜ (for 	ࡷ࢖࢙࢜= 0.5  and 
G = 0.85 kW/࢓૛) 
Table 3.11 Participation Factors in dominant eigenvalues (۹ܘܞܛ = 0.5, 	۹ܑܞܛ= 600 and 
G = 0.85) 
State 
Variables 
Participation Factor 
State 
Variables 
Participation Factor 
For Eigenvalue   
-92.46 
േ	ܒ	942.17 
 
For 
Eigenvalue     
-210.50 
For 
Eigenvalue   
-92.46 
േ ܒ	942.17 
 
For 
Eigenvalue  
-210.50 
ଓଵௗ෦  0.0081 0.011 ߩ෤ 0.022 0.0068 
ଓଵଶௗ෦  0.096 0.139 ௖ܸௗ௙෪  0.101 0.0327 
ଓଵଶ௤෦  0.022 0.101 ௖ܸ௤௙෪  0.040 0.0180 
ଓ௅ௗ෦  0.015 0.0097 ௦ܸଵௗ௙෫  0.033 0.984 
ଓ௅௤෦  0.010 0.0421 ௦ܸଵ௤௙෫  0.0025 0.022 
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ଓ௧ௗ෦  0.204 0.0014 ݔଷ෦ 0.400 0.022 
ଓ௧௤෦  0.053 0.0715 ݔହ෦ 0.093 0.153 
ଓ௦ଵௗ෦  0.0527 0.0011 ݔ଺෦ 0.258 0.0064 
ଓ௦ଵ௤෦  0.0161 0.0846 ݔସ෦ 0.075 0.067 
ௗܸ௖෪  0.357 0.0233 ݔ଻෦ 0.031 1.677 
For the eigenvalue -210.50, the state that has a dominant participation is	ݔ଻෦ (PCC voltage 
controller). The other states that have a significant participation are 	ݔହ෦	 (DC-link voltage 
control loop), ıଵଶ෦ୢ , ıଵଶ୯෦  (distribution feeder currents) and 	
Vୱଵୢ୤෫  ( measurement filter). This eigenvalue is strongly coupled to PCC voltage controller 
and is also affected to a very smaller extent by the dynamics of DC-link voltage control 
loop, distribution feeder currents and measurement filter.   
From the above eigenvalue and participation factor analysis, it can be concluded that the 
increase in integral gain of the PI controller has very less effect on the eigenvalue that is 
affected by the interaction between DC-Link Voltage control loop, PCC voltage control 
loop, the distribution feeder current and the measurement filter. This shows that the speed 
and accuracy of voltage control action can be improved by using relatively larger values 
(when compared with proportional controller gain) of integral gain of the PI controller 
without any stability issues. 
The optimal gains of PI controller are chosen as K௣௩௦ = 0.5 and 	ܭ௜௩௦= 400. This ensures 
that the dominant (most critical) eigenvalue -95.55 േ	j	950.96 has a damping ratio of 10 
% [30]. This along with the presence of other dominant eigenvalue -118.28 will make the 
system sufficiently damped. The step response of the system is now plotted to study the 
time response characteristics of the system.  
At the operating point about which the system is linearized, ௣ܸ௖௖௥௘௙ is 1.009 pu. The PCC 
voltage controller regulates the PCC voltage at this reference value. A step of -2.5 % is 
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applied to the PCC voltage controller. The PCC voltage response of linearized model, 
and PSCAD/EMTDC model are shown in Figure 3.23. 
 
Figure 3.23 Step Response of PCC Voltage (For ۹ܘܞܛ = 0.5, 	۹ܑܞܛ= 400 and G = 0.85) 
From Figure 3.23, it can be seen that the response of PCC voltage is well damped without 
any overshoot. The response of the linearized model and PSCAD / EMTDC model shows 
the presence of minor damped oscillations. The comparison between the frequency of 
damped oscillations and the settling time is shown in Table 3.12. Due to the nonlinearity 
of the PSCAD / EMTDC model, the oscillations are more damped and the frequency of 
oscillation is somewhat different when compared to that of the linearized model. The 
settling times of the models are fairly close to each other. All these confirm that the 
linearized model and PSCAD / EMTDC model responses are close to each other.  
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Table 3.12 Comparison between damped frequencies and settling times (For ۹ܘܞܛ = 
0.5, 	۹ܑܞܛ= 400 and G = 0.85) 
Parameter  Damped frequency (rad/s) Settling time (ms) (for 1 
% error margin) 
Dominant Eigenvalue 
-95.55 േ	j	950.96 
950.96 (151.42 Hz)  
Linearized Model 956.33 (152.28 Hz) 8 
PSCAD / EMTDC Model 927.87 (147.75 Hz) 10.2 
Hence, it can be seen that fast and accurate voltage control can be achieved without any 
instability issues by utilizing a properly tuned PI controller over a proportional controller.  
In the next sections, comparative studies between proportional and PI controllers are 
carried out. Before proceeding to those studies, the common factors for comparison 
between proportional and PI controllers have to be pointed out. They are as follows:  
 The q-axis current controller bandwidth is the same for both controllers 
 
 For proportional controller, the initial gain is chosen as 3.609 which is based on 
the calculation of required reactive current (or reactive power) to keep voltage 
deviations within certain limits. The formula used for calculation of this gain does 
not consider the effect of other control system and power system parameters on 
the stability of proportional controller. This stability has been evaluated using the 
developed model. The gain is then increased to the largest value possible till 
instability occurs. Larger gains are required to get minimum possible voltage 
deviation within fastest time possible. The chosen gain of proportional controller 
is 6.25 and this is used for comparison with PI controller. Although the system is 
unstable for this value of gain, the effect of measurement filter constants on the 
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stability of proportional controller is studied to determine whether the system 
becomes stable or more unstable for this value of gain. 
 
 For PI controller, the optimal gains are chosen as K௣௩௦ = 0.5 and 	ܭ௜௩௦= 400. The 
system is stable for this set of gains. A value of 400 can be considered as a 
relatively higher value of integral gain. The effects of measurement filter 
constants on PI controller for this set of gains are studied to determine whether the 
system becomes unstable. 
3.2.7 Study of eigenvalue sensitivity to ߬1 and ߬2 
A comparison between the participation factors of major states that participate in the 
dominant eigenvalues pertaining to the interaction for ܭ௣௩௦ = 6.25 and ܭ௣௩௦ = 0.5, ܭ௜௩௦= 
400 is shown in Table 3.13. The participation of states that pertain to PCC voltage control 
loop are shown highlighted in Table 3.13. A clear reduction in the participation factors of 
these states can be seen for a PI controller over the proportional controller. This proves 
the use of integral control action (in PI controller) makes the PCC voltage controller 
states less susceptible to the interaction.  
Table 3.13 Participation Factors Comparison for proportional and PI controller 
State 
Variables 
Participation Factors 
For proportional 
controller (۹ܘܞܛ = 
6.25) 
(Eigenvalue          
0.99 േ	ܒ	1096.4) 
 
 
For PI controller 
(۹ܘܞܛ = 0.5, 	۹ܑܞܛ= 
400) 
(Eigenvalue          
-95.544 േ ܒ 950.96) 
 
ଓଵଶௗ෦  0.0834 0.0916 
ଓଵଶ௤෦  0.0352 0.0166 
௦ܸଵௗ෪  0.0016 0.00092 
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௦ܸଵ௤෪  0.0011 0.00043 
ଓ௧ௗ෦  0.125 0.204 
ଓ௧௤෦  0.111 0.0391 
௖ܸ௙ଵௗ෫  0.0022 0.0014 
௖ܸ௙ଵ௤෫  0.0016 0.00071 
ଓ௦ଵௗ෦  0.026 0.052 
ଓ௦ଵ௤෦  0.030 0.011 
ௗܸ௖෪  0.149 0.339 
ߩ෤ 0.0247 0.018 
௖ܸௗ௙෪  0.0727 0.0971 
௖ܸ௤௙෪  0.0494 0.0328 
௦ܸଵௗ௙෫  0.1419 0.0248 
௦ܸଵ௤௙෫  0.0242 0.00167 
ݔଷ෦ 0.2077 0.3895 
ݔହ෦ 0.0331 0.0881 
ݔ଺෦ 0.1101 0.247 
ݔସ෦ 0.118 0.057 
ݔ଻෦ not applicable 
 
0.018 
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From the Table 3.13, it can also be seen that the participation of states of measurement 
filters ௖ܸௗ௙෪  and ௖ܸ௤௙෪  are almost similar. The sensitivity of the eigenvalues of both 
proportional and PI controller to ߬ଶ is studied. Only the sensitivity of these eigenvalues 
are studied since they are the dominant eigenvalues that represent the interaction and 
maximum sensitivity to change in parameters. ߬ଶ is varied from 0.4 ms to 2.5 ms. The 
movement of the eigenvalues for the proportional controller and PI controller are shown 
in Figure 3.24 and Figure 3.25. 
From Figure 3.24 and Figure 3.25, it is clear that for ߬ଶ = 0.75 ms, proportional controller 
renders the system more unstable (dominant eigenvalue at 33.42 േ	j	1271.2) when 
compared to PI controller which ensures that the system is stable (dominant eigenvalue at 
-75.7 േ	j	1060.9). This shows that although the participation of feed-forward filter states 
are same for both controllers, the PI controller is less susceptible to interaction even for a 
time constant of ߬ଶ = 0.75 ms for which the proportional controller becomes more 
unstable.  
 
Figure 3.24 Sensitivity of eigenvalue 0.99 േ	ܒ	1096.4 to variation in ࣎૛  ( for 	ࡷ࢖࢙࢜= 
6.25 and ࣎૚= 2 ms ) 
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Figure 3.25 Sensitivity of eigenvalue -95.544 േ	ܒ	950.96 to variation in ࣎૛  ( for ۹ܘܞܛ 
= 0.5, 	۹ܑܞܛ= 400 and ࣎૚= 2 ms ) 
It can also be seen that when the value of ߬ଶ is 0.75 ms (which is close to the designed 
gain crossover frequencies of current controllers which is 1380 rad/sec), the interaction is 
at its maximum. The purpose of using the feed-forward signals is to try and nullify the 
impact of transient disturbances in the EPC voltage on the current controllers. If there are 
delays in feed-forward signals, the current controllers start responding to the EPC voltage 
disturbances. If the delays are such that the speed of operation of feed-forward filters are 
in the range of speed of operation of current controllers, both the current controllers and 
feed-forward filters respond simultaneously to EPC voltage disturbances. This leads to a 
transient interaction between the current controllers which eventually lead to interaction 
between dc-link voltage and PCC voltage control loops. Hence, ߬ଶ = 0.75 ms can be 
considered as the worst case scenario for interaction.  
Now, ߬ଶ is fixed at 0.75 ms and ߬ଵ is varied from 0.25 ms to 6 ms and the sensitivity of 
dominant eigenvalues are studied. The movement of the eigenvalues for the proportional 
controller and PI controller is shown in Figure 3.26 and Figure 3.27 respectively. 
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Figure 3.26 Sensitivity of eigenvalue 33.42 േ	ܒ	1271.2 to variation in ࣎૚  (for 	ࡷ࢖࢙࢜= 
6.25 and ࣎૛= 0.75 ms) 
 
Figure 3.27 Sensitivity of eigenvalue -75.7 േ	ܒ	1060.9 to variation in ࣎૚  (for ۹ܘܞܛ = 
0.5, 	۹ܑܞܛ= 400 and ࣎૛= 0.75 ms) 
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From Figure 3.26 and Figure 3.27, it can be seen that the interaction is more when the 
value of ߬ଵ is in the range of 1 to 2 ms. There is an instability for the case of proportional 
controller when ߬ଵ is 2 ms.  
It was shown in Table 3.13 that the participation of q-axis current controller in the 
interaction is less when a PI controller is used. This phenomenon can be understood from 
considering the state equation of q-axis current controller which is given by (2.117). The 
participation of the state ݔସ is influenced by parameters K୮୴ୱ, 	K୧୴ୱ and ߬ଵ. From the 
analysis in section 3.2.6, Figure 3.26 and Figure 3.27, it is clear that the participation of 
state ݔସ in the interaction increases as K୮୴ୱ increases and ߬ଵ is in a particular range. For 
the same range of ߬ଵ, the participation of state ݔସ is less when K୧୴ୱ increases (for a small 
value of K୮୴ୱ).  
A better understanding of the influence of the parameters K୮୴ୱ, 	K୧୴ୱ and ߬ଵ on the 
stability of the system can be obtained by considering the transfer function ݅௧௤௥௘௙ to V୮ୡୡ 
about this operating point. Here, the effect of other inputs on V୮ୡୡ and the effect of ݅௧௤௥௘௙ 
on other inputs are neglected for simplicity. This assumption is valid as long the PV 
system operates close to considered operating point and there is no change in other 
controller dynamics or the power system. The transfer function is of order 33 and is 
shown in Appendix B.  
The simplified model of PCC voltage controller when considering the above transfer 
function is as shown in Figure 3.28. The transfer function from ݅௧௤௥௘௙ to V୮ୡୡ is of order 
33 and hence, Nyquist plot is used to calculate the relative stability margins since the 
transfer function has multiple crossover frequencies [66].  
The Nyquist plots for the open loop transfer function and loop transfer function with the 
filter (without the controller) are shown in Figure 3.29. It can be seen that the addition of 
the filter of time constant of 2 ms causes additional phase lag and reduces the phase 
margin of the system. The loop transfer function has a gain margin of 11.9 dB at the 
phase crossover frequency of 1190 rad/sec. 
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Figure 3.28 Simplified model of PCC voltage controller when considering transfer 
function approach 
 
Figure 3.29 Nyquist plot comparison between system and loop transfer functions 
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Now, the effect of adding a proportional controller with a gain of K୮୴ୱ = 6.25 and a PI 
controller with gains of K୮୴ୱ ൌ 0.5 and K୧୴ୱ = 400 on the system are shown in Figure 
3.30. From Figure 3.30, it is clear that increase in proportional gain decreases the gain 
margin and render the system to be unstable. But, addition of an integral controller 
provides voltage control without affecting the gain margin much. This is the reason as to 
why increase in proportional gain moved the eigenvalue due to interaction towards the 
right half of the S-plane.  
 
Figure 3.30 Nyquist Plot comparison for proportional and PI controllers  
 
From the studies conducted in this section, it can be concluded that the value of feed-
forward filter time constant should be lesser and farer from the gain crossover 
frequencies of the current controllers to ensure that there is minimum interaction between 
the current controllers and to ensure the effectiveness of feed-forward. This will 
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eventually lead to minimum interaction between dc-link voltage control loop and PCC 
voltage control loop. A criterion to decouple the feed-forward filter dynamics from the 
current controller dynamics can be adopted from [32] which states that the difference in 
speed between two loops should be at least 2 to 10 times. Once this criteria is satisfied, 
the value of ߬ଵ has very little impact on the interaction. It only influences the stability of 
PCC voltage control loop. 
3.2.8 Study of eigenvalue sensitivity to current controller bandwidth 
It was shown in section 3.2.7 the participation of current controller state ݔସ is influenced 
by parameters K୮୴ୱ, 	K୧୴ୱ and ߬ଵ. From equation (2.117), it is clear that the stability is 
also influenced by parameters K୮୧ଶ and K୧୧ଶ which determine the gain crossover 
frequency and hence, the bandwidth of q-axis current controller. In this section, it will be 
shown that if the gain crossover frequency of q-axis current controller changes, the 
instability can be prevented. This is because the speed of operation of q-axis current 
controller will be different from that of d-axis current controller and the feed-forward 
filters and hence, the interaction can be minimized.  
 
The sensitivity of dominant eigenvalue 33.42 േ	j	1271.2 (for 	ܭ௣௩௦= 6.25, ߬ଶ= 0.75 ms 
and ߬ଵ= 2 ms) to variation in the gain crossover frequency of q-axis current controller is 
shown in Figure 3.31. The sensitivity of dominant eigenvalue for PI controller case is not 
shown here since there are no issues with stability.  
 
From Figure 3.31, it can be seen that the eigenvalue that represents interaction moves 
towards the left half of S-plane as the speed of current controller increases or decreases. 
This, once again, clearly proves that the interaction occurs when the time constant of 
feed-forward filters are in the range of speed of operation of current controllers.  Hence, 
one of the ways to minimize this interaction is to operate the q-axis current controller 
atleast 2 to 10 times slower than the d-axis current controller when the time constant of 
feed-forward filters cannot be guaranteed and they exhibit changes due to nonlinearity or 
any other delay. Operation of q-axis current controller at a speed greater than the d-axis 
current controller may not be an optimal solution since the dc-link voltage controller has 
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to be faster than the PCC voltage controller for effective supply of reactive power by the 
PV inverter.  
 
Such constraints are not there when a PI controller is utilized for PCC voltage control. A 
PI controller can provide a stable control operation even in the presence of interaction 
without compromising on the bandwidth of q-axis current controller.  
 
Figure 3.31 Sensitivity of eigenvalue 33.42 േ	ܒ	1271.2 to variation in q-axis current 
controller crossover frequency (for 	ࡷ࢖࢙࢜= 6.25, ࣎૛= 0.75 ms and ࣎૚= 2 ms) 
3.2.9 Comparison of results with simplified model of PCC voltage 
controller 
PCC voltage controller is generally designed based on a simplified model which ignores 
the dynamics of dc-link voltage controller and PLL [17], [32]. The model has been 
adopted from [32] and is shown in Figure 3.32. The dynamics of filter capacitor and 
transformer are neglected in the derivation of this model.   
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Figure 3.32 Simplified model of PCC voltage controller 
The step response of -2.5 % for both proportional (K୮୴ୱ= 3.609) and PI controllers (K୮୴ୱ 
= 0.5, 	K୧୴ୱ= 400 ) are shown in Figure 3.33. The eigenvalues of the closed loop system 
and the settling time for 1% error margin are shown in Table 3.14. 
 
Figure 3.33 Step Response of simplified PCC voltage controller model (for q-axis 
current controller crossover frequency of 1380 rad/sec) 
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Table 3.14 Simplified PCC voltage controller model - comparison 
Parameter  Closed loop poles  Closed loop 
zeros 
Settling time (ms) 
(for 1 % error 
margin) 
Proportional 
Controller 
-731, -495 േ j 1260 -909, -500 -- 
PI controller -573 േ j 833, - 468,   
-110 
-909, -800, -500 7.3  
 
By comparing the results of linearized model, PSCAD / EMTDC model and simplified 
PCC voltage controller model (Table 3.7, Table 3.12 and Table 3.14), it can be seen that 
the simplified PCC voltage controller model does not show the eigenvalue that occurs 
due to interaction between dc-link voltage control loop, PCC voltage control loop, 
distribution feeder current and measurement filters. For PI controller, the settling time 
and one of the dominant poles –110 are very much closer to those of the linearized 
model. For proportional controller, the results exhibit major deviation due to strong 
interaction between the control loops.  
This model can be utilized when the speed of q-axis current controller is atleast 2 to 10 
times slower than the speed of the d-axis current controller. This is required to 
approximately decouple the current controllers and, thereby decouple the dc-link and  
PCC voltage control loops. The feed-forward voltage filter time constants are fixed at the 
same value of 0.75 ms. In order to validate the simplified model, the q-axis current 
controller is designed to operate with a gain crossover frequency of 200 rad/sec. For PCC 
voltage controller, the gains are similar to the gains utilized for Figure 3.33. A step of -
5% is applied to the PCC voltage controller.  
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Figure 3.34 Comparison between Simplified and PSCAD / EMTDC models – for 
Proportional controller (۹ܘܞܛ= 3.609) 
Table 3.15 Comparison between models – Proportional Controller 
Proportional Controller 
Closed Loop Poles: -401, -152 േ j 227 
Closed Loop Zeros: -500, -227 
Parameter  Settling Time ( 1 % of corresponding steady 
state ) (ms) 
Simplified Model 2.4 
PSCAD / EMTDC Model 4.6 
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Figure 3.35 Comparison between Simplified and PSCAD / EMTDC models – for PI 
controller (۹ܘܞܛ= 0.5, ۹ܑܞܛ= 400) 
Table 3.16 Comparison between models – PI Controller 
PI Controller 
Parameter  Damped frequency (rad/s) Settling Time ( 1 % error 
of steady state ) (ms) 
Closed Loop Poles and 
Zeros 
Poles : -508, -94.8 ,        
-51.7 േ	j	174 
Zeros: -800, -500, -227 
 
Simplified Model 177.45 (28.25 Hz) 12.2 
PSCAD / EMTDC Model 182.12 (29 Hz) 13.7 
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From Figure 3.34, Figure 3.35, Table 3.15 and Table 3.16, it can be seen that the 
simplified model matches closely with the PSCAD / EMTDC model for both 
proportional and PI controller cases.  
3.2.10 Effect of change in operating point on the interaction 
The interaction between dc-link voltage control loop and PCC voltage control loop that 
caused instability in the case of a proportional type PCC voltage controller was studied 
about an operating point where G = 0.85. In this section, the movement of the dominant 
eigenvalue that represents the interaction for three more operating points namely G = 0.6, 
G = 0.4 and G = 0.2 will be shown. In each case, the dc-link voltage controller is re-
designed so that it meets the same performance criteria.  
Figure 3.36 and Figure 3.37 show the sensitivity of the eigenvalue due to interaction to 
change in irradiance for both proportional and PI controller cases respectively. The time 
constants are kept at ߬ଶ= 0.75 ms and ߬ଵ= 2 ms to represent the case for maximum 
interaction. For proportional controller, the gain is kept at 3.609 for all operating points. 
For PI controller, the gains are kept at K୮୴ୱ = 0.5 and K୧୴ୱ = 400 for all operating points. 
The reference voltage is maintained at 1 pu for all the cases. From Figure 3.36 and Figure 
3.37, it can clearly be seen that the eigenvalue that represents interaction exists for all 
irradiance but moves towards the left half of S-plane as the value of irradiance (hence, 
active power) decreases in cases of both the controllers. But, the interaction is always 
more in the case of the proportional controller. This, once again, shows the PI controller 
exhibits better performance over proportional controller at all operating points.  
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Figure 3.36 Sensitivity of eigenvalue due to interaction to irradiance of PV system 
(for ۹ܘܞܛ = 3.609, ࣎૛= 0.75 ms and ࣎૚= 2 ms) 
 
Figure 3.37 Sensitivity of eigenvalue due to interaction to irradiance of PV system 
(for ۹ܘܞܛ = 0.5, ۹ܑܞܛ = 400, ࣎૛= 0.75 ms and ࣎૚= 2 ms) 
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3.3 Validation of PV-STATCOM model operating in Full 
STATCOM mode 
The PV system operates in Full STATCOM mode by curtailing its real power partially 
(or) completely and acts as a STATCOM with reactive power capacity during and post 
faults for providing voltage support to grid. The model developed for Full STATCOM 
mode operation has been explained in section 2.6.4. The purpose of this section is to 
validate the model by observing the step responses of linearized and PSCAD / EMTDC 
models.  
The parameters of the various controller subsystem components namely PLL and current 
controller which are designed for the operation of PV-STATCOM in partial and full PV 
modes are also used for Full STATCOM mode operation. 
The dc-link voltage controller has to be re-designed here for operation in Full 
STATCOM mode. The same performance criteria of a speed of 460 rad/sec (3 times 
slower than d-axis current controller) and a phase margin of 60 degrees are considered. 
The control structure of dc-link voltage controller is similar to Figure 3.7 and the transfer 
function relating d-axis current and dc-link voltage is given by (3.4). The pole ݔ௏ௗ௖ଶ 
which is due to PV array dynamics is zero since the power from PV system is zero under 
Full STATCOM mode operation. The parameter ݔ௏ௗ௖ଵ is determined from the value of 
modulation index (given in Appendix B) when the STATCOM regulates its dc-link 
voltage at reference value which is 1.0255 kV here but exchanges zero reactive power 
with the grid.  
The compensator ܭ௏ሺݏሻ is an integral controller in cascade with a lead filter. The 
procedure for designing the compensator is adopted from [18]. Although the low pass 
filter with time constant ߬௏ௗ௖ has been removed, the design of  ܭ௏ሺݏሻ operating at 460 
rad/sec ensures that the harmonics are filtered out of the control loop.  
The compensator ܭ௏ሺݏሻ is given by, 
 ܭ௏ሺݏሻ ൌ ሺܭ௜௩ሻݏ ሺ
݊௢ሺݏ ൅ ݖ௢ሻ
ݏ ൅ ݌௢ ሻ 
(3.13)
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Where, 
ܭ௜௩ is the integral gain 
݊௢ is the gain of lead filter 
ݖ௢ and ݌௢ are the zero and pole of lead filter respectively. 
The parameters of ܭ௏ሺݏሻ are provided in Table B. 4 of Appendix B.  
The step response of the dc-link voltage controller of the control block diagram of Figure 
3.7 and PSCAD / EMTDC model are shown in Figure 3.38. 
 
Figure 3.38 Step Response of DC-link voltage controller (for Full STATCOM mode) 
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Table 3.17 Comparison between step responses of dc-link voltage controller (Full 
STATCOM mode) 
Parameter Damped Frequency 
(rad/sec) 
Settling time (for 1% 
steady state error) (ms) 
Control Block Diagram 1052.7 (167.62 Hz) 13.7 
PSCAD / EMTDC model 1051.96 (167.50 Hz) 14.1 
A comparison between the step responses is shown in Table 3.17. It can be seen that the 
damped frequency and settling time of both the responses are very close to each other, 
thus validating the controller design.  
This also further substantiates the reason for discrepancy which was observed during the 
design of dc-link voltage controller for partial PV-STATCOM mode operation. With 
reference to equation (2.61) , the model of dc-link voltage controller for Full STATCOM 
mode of operation is represented only by the term െଷ௠೏௜೟೏ସ஼೏೎  which represents inverter 
dynamics. The term െ௔ఱ௏೏೎஼೏೎ െ
௔మ
஼೏೎ ሼ݁
௔య௏೏೎ା௔రூ೛ೡ െ 1ሽ is not present since PV array does 
not supply any power and hence, its nonlinearity does not affect the dc-link voltage 
controller performance. 
The PCC voltage controller is considered to be only of PI type for Full STATCOM 
operation. The sensitivity of PI controller gains will be studied in order to choose the 
optimal gains.  
The validation of the linearized model for Full-STATCOM involves comparing the step 
responses of DC-link voltage controller and PCC voltage controller with the 
corresponding step responses of PSCAD / EMTDC model.  
The PV-STATCOM operating in Full STATCOM mode is linearized about an operating 
point such that it is regulating its DC-link voltage at its reference value and regulating the 
PCC voltage at 1 pu. The operating point data are obtained by solving the nonlinear 
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system equations using MATLAB/Simulink. The feed-forward filter time constant is 
fixed at 0.75 ms and the PCC voltage measurement filter constant is fixed at 2 ms. 
Eigenvalue analysis is performed using the linearized model developed in section 2.6.4. 
At first, the integral gain is fixed at 1 and the proportional gain is varied from 0.5 to 6. 
The most sensitive (and dominant) eigenvalues are at -134.05 േ j908.82 and -0.2166 for 
proportional gain at 0.5. The sensitivity of these eigenvalues to variation in proportional 
gain are shown in Figure 3.39 and Figure 3.40. It can be seen that the -134.05 േ j908.82 
is very sensitive to ܭ௣௩௦ and it goes towards right half of S-plane as ܭ௣௩௦ goes beyond 5. 
For   ܭ௣௩௦ = 6, the eigenvalue is at 18.31 േ j969.8. The eigenvalue -0.2166 is less 
sensitive to ܭ௣௩௦ but it also goes towards the right half of S-plane. From participation 
factor analysis, it is confirmed that the unstable eigenvalue represents the interaction 
between dc-link voltage control loop, PCC voltage control loop, measurement filters and 
distribution feeder current ݅ଵଶௗ. The other eigenvalue -0.2166 is strongly coupled to the 
PCC voltage controller state ݔ଻. 
 
Figure 3.39 Sensitivity of eigenvalue -134.05 േ	ܒ	908.82 to variation in ۹࢖࢙࢜ (for 
	ࡷ࢏࢙࢜= 1 ) 
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Figure 3.40 Sensitivity of eigenvalue -0.2166 to variation in ۹࢖࢙࢜ (for 	ࡷ࢏࢙࢜= 1 ) 
Now, the proportional gain is fixed at 0.5 and the integral gain is varied from 1 to 600 to 
study the sensitivity of eigenvalues, as shown in Figure 3.41 and Figure 3.42. It can be 
seen that the -134.05 േ j908.82 (which represents the interaction) is less sensitive to K௜௩௦ 
but moves towards left half of S-plane. The other eigenvalue -0.2166 (which is strongly 
coupled to PCC voltage controller) is very sensitive to K௜௩௦ and also moves towards left 
half of S-plane. Hence, it can be concluded that increasing K௣௩௦ will only render the 
system unstable. But, increasing K௜௩௦ (after fixing K௣௩௦ at a low value) will make the 
system more stable. The characteristics exhibited by the eigenvalues are very much 
similar to those of partial PV-STATCOM. Hence, the best gains of PI controller are fixed 
at K௣௩௦ = 0.5 and K௜௩௦ = 400 to ensure that the eigenvalue which represents the 
interaction (most critical eigenvalue) has a damping ratio of more than 10 %.  
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Figure 3.41 Sensitivity of eigenvalue -134.05 േ	ܒ	908.82 to variation in ۹࢏࢙࢜ (for 	ࡷ࢖࢙࢜= 0.5 ) 
 
Figure 3.42 Sensitivity of eigenvalue -0.2166 to variation in ۹࢏࢙࢜ (for 	ࡷ࢖࢙࢜= 0.5 ) 
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A step of 10 % is provided to dc-link voltage controller at a time of 1 second and the 
responses of linearized and PSCAD / EMTDC models are compared as shown in Figure 
3.43 
 
Figure 3.43 Full STATCOM – DC link voltage step response 
A comparison between the step responses of the linearized model and PSCAD / EMTDC 
model is made in Table 3.18. 
Table 3.18 Comparison between DC-link voltage step responses 
Parameter Damped Frequency       
(rad / s) 
Settling Time for 1 % 
error margin ( ms ) 
Linearized Model 945.36 (150.53 Hz) 13.8 
PSCAD / EMTDC Model 935.092 (148.9 Hz) 14.6 
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It can be seen from Table 3.18 that the damped frequency and settling time of both the 
responses are very close to each other, thus validating the dc-link voltage control of the 
model.  
Now, a step of -2.5 % is provided to the PCC voltage controller at a time of 1 second. 
The step response of PCC voltage of linearized model and PSCAD / EMTDC model is 
shown in Figure 3.44. 
 
Figure 3.44 Full STATCOM – PCC voltage step response 
A comparison between the step responses of the linearized model and PSCAD / EMTDC 
model is made in Table 3.19. It can be seen that the settling time of both the responses are 
very close to each other, thus validating the PCC voltage control of the model.  
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Table 3.19 Comparison between PCC voltage step responses 
Parameter Settling Time for 1% error margin          
( ms ) 
Linearized Model 8.7 
PSCAD / EMTDC Model 10 
From these studies, it is clear that the performance of the developed linearized model of 
Full-STATCOM is very close to that of the PSCAD / EMTDC model. Hence, this model 
can be utilized for controller design and stability analysis of PV-STATCOM operating in 
Full-STATCOM mode.  
Also, the interaction between dc-link voltage control loop and PCC voltage control loop 
due to feed-forward filters exists in the case of Full STATCOM operation. The guidelines 
established for minimizing the interaction for partial PV-STATCOM operation is equally 
applicable for Full STATCOM operation.   
3.4 Conclusion 
The controllers for PV-STATCOM operating in the three modes namely Full PV, Partial 
PV-STATCOM and Full STATCOM have been designed. The linearized model for each 
mode of operation is validated by comparing the linearized and PSCAD / EMTDC model 
responses.  
For partial PV-STATCOM, the Eigenvalue sensitivity analysis studies are used to 
compare the performance of both proportional and PI controllers when there exists an 
interaction between dc-link voltage and PCC voltage control loops. It has been proved 
comprehensively that the performance of PI controller is better than the performance of 
proportional controller for fast voltage control. Eigenvalue sensitivity analysis is also 
extended for Full-STATCOM operation to show the existence of this interaction and to 
decide the optimum values of PCC voltage controller gains. 
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Chapter 4 
4 VOLTAGE CONTROL DURING SYSTEM 
DISTURBANCES  
4.1 Introduction 
This chapter deals with the application of partial PV-STATCOM for performing voltage 
control during system disturbances. Voltage flicker in the PCC voltage due to a 100% 
change in irradiance of PV system is considered as a system disturbance. The ability of 
partial PV-STATCOM to perform stable voltage control in order keep the change in PCC 
voltage within limits is studied.  
From the studies in chapter 3, the feed-forward filter time constants are fixed at 0.75 ms 
so that interaction between dc-link voltage control loop and PCC voltage control loop is 
at a maximum. Under such circumstances, the performance of three types of voltage 
control strategies namely proportional controller based dynamic reactive current 
injection, Volt/Var control and PI controller based dynamic reactive current injection are 
compared.  
The studies are initially performed with a single PV system performing voltage control. 
They are later extended to the case where there are two similar PV systems performing 
simultaneous voltage control to mitigate voltage flicker.   
4.2 Application of dynamic reactive current for voltage 
flicker mitigation 
It is mentioned in Chapter 1 that voltage flicker can be simulated by performing an 
instantaneous drop of PV output from 100% to 0% if accurate solar irradiance data is not 
available. The limit for voltage flicker is considered to be 3 % based on the assumption 
that this drop occurs once per hour.  
 
It is also mentioned in Chapter 1 that dynamic reactive current injection can be used for 
voltage flicker mitigation. It can be implemented by using a proportional type AC voltage 
controller. The controller structure for making such an implementation is shown in Figure 
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4.1. The dead-band is not shown in the Figure 4.1. The injection of reactive current starts 
when the voltage error goes outside the dead-band (limit of 3%). The current injection 
should be continued for a certain time after the voltage error comes within the dead-band 
[26]. 
+
-
𝑉𝑝𝑉𝑉𝑑𝑑𝑓  
𝑉𝑝𝑉𝑉  
𝐾𝑝𝑝𝑝  𝐾𝑡𝑞𝑑𝑑𝑓  -1
𝐾𝑡𝑞𝑚𝑎𝑥  
𝐾𝑡𝑞𝑚 𝐾𝑛  
 
Figure 4.1 Proportional controller structure for dynamic reactive current injection 
From the studies made in chapter 3, it is evident that proportional type PCC voltage 
controller results in poorly damped response for certain values of voltage measurement 
filter time constants. It has also been shown that PI type PCC voltage controller results in 
a fast and highly damped response for the same values of voltage measurement filter 
constants. In this case, the dynamic reactive current injection can also be implemented 
using a PI type PCC voltage controller. The controller structure for making such an 
implementation is shown in Figure 4.2.  
+
-
𝑉𝑝𝑉𝑉𝑑𝑑𝑓  
𝑉𝑝𝑉𝑉  
𝐾𝑉𝑎𝑉 (𝑝) +
-
−𝐾𝑉𝑑𝑜𝑜𝑝  
𝐾𝑡𝑞  
𝐾𝑡𝑞𝑑𝑑𝑓  -1
𝐾𝑡𝑞𝑚𝑎𝑥  
𝐾𝑡𝑞𝑚 𝐾𝑛  
 
Figure 4.2 PI controller structure for dynamic reactive current injection                     
( PI controller based droop ) 
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For PI controller, the droop action (𝐾𝑑𝑟𝑜𝑜𝑝) is introduced in chapter 2 through the use of 
𝑄𝑉𝑆𝑆 and this is applicable for steady state voltage control. For dynamic reactive current 
injection, the droop action (𝐾𝑑𝑟𝑜𝑜𝑝) is achieved using reactive current 𝐾𝑟𝑥. The 
compensator 𝐾𝑉𝑝𝑑(𝑝) is a PI controller. The droop factor 𝐾𝑑𝑟𝑜𝑜𝑝 is the inverse of the 
slope of curve for dynamic reactive current injection. The negative sign is used to 
compensate for the convention used for reactive current controller. Once the voltage 
drops due to a flicker, the PCC voltage controller should respond as fast as possible to 
keep the voltage within a limit of 3%.  
 
By eigenvalue analysis studies, it was shown in Chapter 3 that the interaction between 
dc-link voltage control loop, PCC voltage control loop and distribution feeder current 
𝐾12𝑑 is at a maximum when the feed-forward filter time constant is at 0.75 ms and the 
PCC voltage measurement filter constant is at 2 ms. This can be considered as the worst 
case scenario for the interaction when the bandwidths of two current controllers are the 
same. These time constants are used throughout this chapter for all the simulations. Also, 
for PI controller, an anti-integral windup scheme is utilized in order to prevent integral 
controller windup effect (if it occurs) on the output. The scheme for this has adopted from 
[67]. Integral windup effect refers to the accumulation of error by integral controller 
which could lead to increase in overshoot of the PCC voltage. This occurs due to 
saturation of the reactive current reference signal.     
 
The objective of performing these studies in this chapter is to show effect of this 
interaction on the stability of PCC voltage control while performing voltage flicker 
mitigation. This kind of study has not been performed so far in the literature to the best 
knowledge of the author. This is also one of the major contributions of this thesis.  
 
4.3 Voltage control methods  
In this section, the ability of PV systems to mitigate voltage flicker and remain stable is 
being studied. First, studies will be performed using a single PV system and then, the 
interaction between two PV systems when both are trying to mitigate voltage flicker will 
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be studied. The voltage flicker is simulated by applying a step change in irradiance of the 
PV system from 0.85 kW/𝑚2 to 0 kW/𝑚2. In each case, the controllers of the PV system 
will be designed for the particular operating point using the models developed in Chapter 
3 for Partial PV-STATCOM mode of operation. The ability of the controllers to remain 
stable during the disturbance and post disturbance will be studied.   
 
For the voltage flicker studies, the performance of three kinds of control strategies will be 
compared as follows: 
 
i) The first strategy is dynamic reactive current injection, implemented using a 
proportional type PCC voltage controller. The response time of voltage 
control for voltage flicker mitigation can be fast [7] in the range of few 
milliseconds. This is achieved by designing the q-axis current controller with 
a closed loop settling time of 6.6 ms (for 2% error margin) (gain crossover 
frequency of 1380 rad/sec). 
 
ii) The second strategy is dynamic reactive current injection, implemented using 
a PI type PCC voltage controller. Similar to (i), the current controller is 
designed with a closed loop settling time of 6.6 ms (for 2% error margin) 
(gain crossover frequency of 1380 rad/sec). 
 
iii) The third strategy is Volt/Var control presented in chapter 1 and chapter 3. 
This is not intended to be used for voltage flicker mitigation but for mitigating 
steady state voltage rise caused by PV systems. But, its ability to mitigate to 
voltage flicker is studied in this thesis. The response time of volt/var control is 
determined by the response time of inner q-axis current controller loop [30] 
and is usually large (in the range of seconds). In this thesis, this strategy is 
also considered to be represented by the same dynamic reactive current 
injection characteristic which is utilized for the other two control strategies. 
This is valid since each volt/var control curve can be represented by an 
equivalent dynamic reactive current characteristic curve under certain 
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assumptions. This is done for direct comparison with other two control 
strategies. It can be implemented by the control structure of Figure 4.1 and the 
q-axis current controller is designed to operate with a closed loop settling time 
of 1.52 seconds (for 2% error margin) (gain crossover frequency at 2.5 
rad/sec). The current controller gains are designed as Kpi2 = 0 and  Kii2 =0.0049978.  
4.4 Flicker due to irradiance change in one PV system 
The simplified diagram of the circuit utilized for the simulation of voltage flicker is 
shown in Figure 4.3. The 8.5 MW PV system is operating at an irradiance of 0.85 kW/𝑚2 
so that there is some free reactive power capacity available for voltage control. The PCC 
reference voltage (moving average voltage) is set at 1.0124 pu since it is the average 
value of voltage that exists at this operating point. A step change in irradiance from 0.85 
kW/𝑚2 to 0 kW/𝑚2 is introduced at a time of 2.5 seconds (simulation time - t) for 200 
milli seconds. Its effect on the PCC voltage without voltage control action (with zero 
reactive current injection by PV system) is shown in Figure 4.4. The voltage drops to 
0.970 pu from the original value of 1.0124 pu which is outside the 3 % voltage deviation 
limit (0.982 pu). This shows that the PCC voltage control action is required.    
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Figure 4.3 Simplified diagram of the circuit utilized for the simulation of voltage 
flicker due to irradiance change 
 
 
Figure 4.4 Voltage change at PCC due to irradiance change from 0.85 kW/𝒎𝟐 to 0 
kW/𝒎𝟐  
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4.4.1 Dynamic reactive current injection with proportional controller 
The ability of proportional controller based dynamic reactive current injection to mitigate 
voltage flicker is studied in this section. It is found that a proportional gain of 2 is 
sufficient to keep the voltage within a limit of 3%. The responses of PCC voltage 
controller and q-axis current are shown in Figure 4.5.   
 
Figure 4.5 Response of proportional type PCC voltage controller (for  𝐊𝐩𝐩𝐩 = 2) 
The voltage controller is turned on at 2.6 seconds in order to given time for the system 
transient (due to irradiance change) to settle. This is done to study the stability of PCC 
voltage controller without any interference from the system dynamics although the 
voltage controller can be turned on at the instant of irradiance change. The voltage is 
regulated at 0.9843 pu which is within 3% by supplying a capacitive reactive current of 
1.27 kA.  
Now, the proportional gain is increased to 5 to regulate the voltage at a higher value and 
the response is shown in Figure 4.6. It can be seen that the voltage is regulated at 0.992 
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pu which is well within 3%. But, at 2.7 seconds when the irradiance returns back to 0.85 
kW/𝑚2, the PCC voltage response becomes unstable with a damped frequency of 193.86 
Hz (1217.44 rad/sec). By using the linearized model, it is found that an eigenvalue of 
12.544+/-j 1226.4 is present at this operating point. The imaginary part of the eigenvalue 
matches closely with the frequency of oscillation of PCC voltage. By participation factor 
analysis, it is confirmed that this eigenvalue is due to the interaction between dc-link 
voltage control loop, PCC voltage control loop, distribution feeder current 𝐾12𝑑 and 
measurement filters which was reported in chapter 3. By eigenvalue sensitivity analysis, 
it has been found that proportional controller cannot be used beyond a gain of 4 to 
prevent the system from going into instability.     
 
Figure 4.6 Response of proportional type PCC voltage controller (for  𝐊𝐩𝐩𝐩 = 5) 
4.4.2 Dynamic reactive current injection with PI controller 
The ability of PI controller based dynamic reactive current injection to mitigate voltage 
flicker is studied in this section. The PI controller gains are chosen as Kpvs = 0.5 and Kivs 
= 400 based on stability studies performed in chapter 3. The droop Kdroop is chosen as 
135 
 
0.5 which is inverse of proportional gain 2 (slope of dynamic reactive current injection 
curve). The responses of PCC voltage and q-axis current are shown in Figure 4.7. 
 
Figure 4.7 Response of PI type PCC voltage controller (𝐊𝒑𝒑𝒑 = 0.5,  𝑲𝒊𝒑𝒑= 400, 
𝐊𝐝𝐝𝐝𝐝𝐩 = 𝟎.𝟓)  
The voltage controller is turned on at 2.6 seconds in order to given time for the system 
transient (due to irradiance change) to settle. The voltage is regulated at 0.9843 pu which 
is within 3% by supplying a capacitive reactive current of 1.27 kA. By comparing Figure 
4.5 and Figure 4.7, it can be seen that the steady state responses of proportional controller 
and PI controller during the period of irradiance change are similar. This shows that a 
particular slope of dynamic reactive current injection can be implemented using both 
proportional and PI type PCC voltage controllers.    
Now, the response of PI controller with a droop of 0.2 (equivalent to proportional 
controller with a gain of 5) is shown in Figure 4.8. The voltage is regulated at 0.993 pu 
which is well within 3% during irradiance change and at 1.024 pu when the irradiance 
returns back to 0.85 kW/𝑚2 without any stability issues.   
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Figure 4.8 Response of PI type PCC voltage controller ( 𝐊𝒑𝒑𝒑 = 0.5,  𝑲𝒊𝒑𝒑= 400, 
𝐊𝐝𝐝𝐝𝐝𝐩 = 𝟎.𝟐)  
4.4.3 Volt/Var Control with Proportional Controller 
The ability of proportional controller based volt/var control to mitigate voltage flicker is 
studied in this section. The proportional controller gain is initially chosen as 2 and the 
response of PCC voltage and q-axis current are shown in Figure 4.9. It can be seen that 
due to irradiance change at 2.5 seconds, the reactive current deviates from its reference 
value of zero to a positive value and this causes the PCC voltage to drop further to 0.966 
pu (shown from time of 2.55 to 2.6 seconds) before the voltage controller is turned on at 
2.6 seconds. This is because of the slow nature of q-axis current controller. After the 
controller is turned on at 2.6 seconds, it is unable to regulate the voltage within the 
allowed deviation limit of 3 %.  
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Figure 4.9 Response of proportional type Volt/Var control (for  𝐊𝐩𝐩𝐩 = 2) 
Now, the proportional gain is increased to 5 and the response is shown in Figure 4.10. In 
spite of increasing the proportional gain to 5, the controller is able to regulate the voltage 
at a maximum of 0.9785 pu but still it is not within the allowed deviation limit of 3%. 
The reason due to which the controller is unable to regulate the voltage within 3% for 
proportional gains of 2 and 5 is again due to the slow nature of q- axis current controller 
which has a closed loop response time of 1.52 seconds. But, there are no stability issues 
once the irradiance returns back to its original value.  
4.4.4 Comparison between the three types of controllers 
A comparative study is performed between the three kinds of control strategies utilized 
for mitigating the voltage flicker due to irradiance change. The considered factors are the 
ability to regulate voltage within limits during irradiance change and to perform without 
any stability issue during and post irradiance change.  
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Figure 4.10 Response of proportional type Volt/Var control (for  𝐊𝐩𝐩𝐩 = 5) 
First, the comparison is made between proportional controller and PI controller based 
dynamic reactive current injection. Both controllers are able to regulate PCC voltage 
within limit during irradiance change. For a slope of 5, the proportional controller shows 
unstable response once the irradiance gets back to 0.85 kW/𝑚2 whereas the PI controller 
exhibits a stable response. This shows that the performance of PI controller based 
dynamic reactive current injection is not affected by interaction between dc-link voltage 
loops, PCC voltage control loops, distribution feeder current 𝐾12𝑑 and measurement 
filters.             
Second, the comparison is made between PI controller based dynamic reactive current 
injection and proportional controller based volt/var control. During irradiance change, the 
volt/var control is not able to regulate the PCC voltage within a limit of 3%. But post 
irradiance change, it does not exhibit any instability issue and results in a stable response. 
Although the slow q-axis current controller is disadvantageous when it comes to voltage 
flicker mitigation, it results in a stable response due to less interaction with d-axis current 
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controller (difference in current controller gain crossover frequency is more than 10 
times) in presence of feed-forward filter constant of 0.75 ms.      
All these clearly show the superiority in performance of PI controller based dynamic 
reactive current injection over the other two control strategies.  
4.5 Flicker due to irradiance change in two PV 
systems 
This section deals with the stability studies when there are two PV systems performing 
voltage control. The simplified diagram of the circuit utilized for the study with two PV 
systems is shown in Figure 4.11. A 9.9 MW PV system is connected at bus 3 which is 5 
km away from the 8.5 MW PV system.  
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Figure 4.11 Simplified diagram of the circuit utilized for the simulation of voltage 
flicker due to irradiance change with two PV systems 
The design of the 9.9 MW PV system is explained as follows: 
(i) The photovoltaic panel array is designed using the same PV panel (LDK-230P-20) 
which was utilized for designing 8.5 MW PV system. The parameters 𝑁𝑠 and 𝑁𝑝 are 
chosen so as to achieve a dc-link voltage level of 1.172 kV and PV array capacity of 9.9 
MW. The minimum value of dc-link capacitance is decided using (2.95). The MPPT 
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voltage at maximum irradiance is 1.172 kV and this is assumed to be constant for all 
values of irradiance. All these parameters are provided in Table C. 1 of Appendix C.     
(ii) The 9.9 MW PV system is connected to the PCC using a 12 MVA, 0.48 / 27.6 kV 
coupling transformer with a leakage impedance of 0.1 pu (on its own base).   
(iii) The bandwidth of PLL, current controllers and dc-link voltage controllers are similar 
to values utilized for the design of controllers of 8.5 MW PV system. Hence, the 
controller parameters of PLL and current controllers are the same as the ones utilized for 
8.5 MW PV system controllers. The dc-link voltage controller is designed for each 
operating point using the model developed in section 3.2.4. The PCC voltage controller 
parameters will be designed in a coordinated manner (by hit and trail method) in the 
following sections.  
(iv) The feed-forward filter time constant is chosen as 0.75 ms and the PCC voltage 
measurement filter constant is chosen as 2 ms to represent the worst case scenario for the 
control system interaction similar to 8.5 MW PV system.  
(v) All other parameters are similar to those utilized for the design of 8.5 MW system.  
The interaction between two PV systems occurs through power transfer between the two 
buses in the distribution network [42]. Both the PV systems are designed to have the 
same control system parameters as this represents the worst case scenario where both PV 
systems respond in a similar way to any system disturbance. This has been pointed out in 
[30] that the oscillation risk between two PV systems is less when the control system 
settings are different as they respond differently to any disturbance. The objective of this 
section is to show how two PV systems interact with each other when each PV system is 
already having stability issues due to interaction between its controllers. The interaction 
is studied by introducing irradiance change of 100 % in both the PV systems at the same 
time. 
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With reference to Figure 4.11, the PCC voltage (at bus 2) of 8.5 MW PV system is 𝑉𝑝𝑑𝑑1 
and the reactive current output of its inverter is 𝐾𝑟𝑥1. The PCC voltage (at bus 3) of 9.9 
MW PV system is 𝑉𝑝𝑑𝑑2 and the reactive current output of its inverter is 𝐾𝑟𝑥2. 
 
Initially, both the PV systems are operating with an irradiance of 0.85 kW/𝑚2. A step 
change from 0.85 kW/𝑚2 to 0 kW/𝑚2 in the irradiance of both the PV systems is 
introduced at a time of 2.5 seconds for 200 milli seconds. The PCC voltage responses of 
both PV systems are shown in Figure 4.12. 𝑉𝑝𝑑𝑑1 drops to 0.968 pu which is 6.7 % from 
the original value of 1.038 pu and it is outside the allowed 3% limit. 𝑉𝑝𝑑𝑑2 drops to 0.957 
pu which is 7.4 % from the original value of 1.034 pu and it is also outside the allowed 
3% limit. This shows the PCC voltage control action is required.  
 
4.5.1 Dynamic reactive current injection with PI controller 
Both the PV systems are designed to perform dynamic reactive current injection using PI 
controller to mitigate voltage flicker at its corresponding PCC voltage. The droop factors 
of both PV systems (𝐾𝑑𝑟𝑜𝑜𝑝) are set to zero for first tuning the optimum values of PI 
controller gains.  
Initially, the PI controller gains are chosen as K𝑝𝑝𝑠 = 0.5 and 𝐾𝑖𝑝𝑠= 400 for both the PV 
systems (similar to the gains used for a single PV system). But, it is found that this results 
in an unstable PCC voltage response when either of the PV system performs voltage 
control individually with zero reactive current supplied by the other. The PI gains of both 
the PV systems were changed simultaneously and it is found stable PCC voltage 
responses can be obtained for gains of K𝑝𝑝𝑠 = 0 and 𝐾𝑖𝑝𝑠= 200 when both perform 
voltage control simultaneously. These are chosen as the optimum gains for both PV 
systems.  
Then, the slopes of dynamic reactive current injection characteristic (inverse of 𝐾𝑑𝑟𝑜𝑜𝑝) 
of both PV systems are increased simultaneously from a value of 0.5 in order to keep 
both the PCC voltages within 3%. The reason to increase them simultaneously is that the  
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Figure 4.12 Voltage change at PCC of both PV systems due to irradiance change 
from 0.85 kW/𝒎𝟐 to 0 kW/𝒎𝟐 
reactive current supplied by either PV system affects both the PCC voltages. It is found 
that a slope of 3 for 8.5 MW PV system and a slope of 3.5 for 9.9 MW system is 
sufficient to keep both PCC voltages within 3%. To study the voltage control action, the 
voltage controllers are turned on at 2.6 seconds (simulation time) and the response of 
both PCC voltages during the duration of irradiance change are shown in Figure 4.13. It 
can be seen that the 𝑉𝑝𝑑𝑑1 is regulated at 1.012 pu and 𝑉𝑝𝑑𝑑2 1.004 pu which are within 
the 3% limit. The capacitive reactive currents supplied are 𝐾𝑟𝑥1 of 1.73 kA and 𝐾𝑟𝑥2 of 
2.29 kA.     
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Figure 4.13  Response of PI type dynamic reactive current injection of both PV 
systems (for mitigating flicker due to irradiance change) 
The response of PCC voltages after the irradiance returns to back to original value is 
shown in Figure 4.14. It can be seen that the voltages return back to their original values 
without any stability issues. The initial overvoltage which is more than 1.1 pu is due to 
rapid rise of active power supplied by the PV systems but it is still within the temporary 
overvoltage limit of 1.3 pu [9]. 
4.5.2 Dynamic reactive current injection with proportional controller 
Now, the ability of both PV systems to mitigate voltage flicker using dynamic reactive 
current injection based proportional controller is studied. The same slopes of 3 for 8.5 
MW PV system and a slope of 3.5 for 9.9 MW system utilized for PI controller 
implementation are chosen as respective proportional controller gains for direct 
comparison of responses.   
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Figure 4.14 Response of PI type dynamic reactive current injection of both PV 
systems (post irradiance change) 
The PCC voltage responses after the turn-on of voltage controllers at 2.6 seconds and 
during the duration of irradiance change are shown in Figure 4.15. It can be seen that the 
responses become oscillatory due to which modulation index saturates and hence, a 
pattern of non-sinusoidal oscillations result. This continues into the period when the 
irradiance returns back to the original value after 2.7 seconds as shown in Figure 4.16.  
4.5.3 Volt/Var Control with proportional controller 
Now, the ability of both PV systems to mitigate voltage flicker using volt/var control 
based proportional controller is studied. The proportional controller gains are chosen as 3 
and 3.5 similar to proportional controller based dynamic reactive current injection. The q-
axis current controllers of both the PV systems are designed to operate with a closed loop 
settling time of 1.52 seconds (for 2% error margin).   
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Figure 4.15 Response of proportional type dynamic reactive current injection of 
both PV systems (for mitigating flicker due to irradiance change) 
 
Figure 4.16 Response of proportional type dynamic reactive current injection of 
both PV systems (post irradiance change) 
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Figure 4.17 shows the responses of q-axis (reactive) currents of both the PV systems after 
the irradiance change. It can be seen that the irradiance change causes the current 
controller of both the PV systems to deviate from its reference value of zero and it is 
unable to regulate them back to zero (due to being slow by design). The response of PCC 
voltages during irradiance change are shown in Figure 4.18. The PCC voltage 𝑉𝑝𝑑𝑑1 drops 
further to around 0.96 pu and 𝑉𝑝𝑑𝑑2 drops further to around 0.949 pu before the PCC 
voltage controllers are turned on at 2.6 seconds. 
 
Figure 4.17 Reactive current deviations from reference due to irradiance change 
Once the controllers are turned on at 2.6 seconds, it can be seen that the volt/var based 
proportional controllers are not able to regulate the voltage within the 3% limit due to the 
slowness of q-axis current controllers. But, there is no stability issue once the irradiance 
returns back to original value after 2.7 seconds as shown in Figure 4.19. Similar to the 
case of dynamic reactive current injection with PI controller, there is an initial 
overvoltage above 1.1 pu which is due to rapid rise of active power from PV systems. 
This is within the temporary overvoltage limit of 1.3 pu.  
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4.5.4 Comparison between the three types of controllers 
A comparative study is performed between the three kinds of control strategies utilized 
for mitigating the voltage flicker with two PV systems due to irradiance change. The 
considered factors are the ability to regulate voltage within limits during irradiance 
change and to perform without any stability issue during and post irradiance change.  
 
Figure 4.18 Response of proportional type Volt/Var controller of both PV systems 
(for mitigating flicker due to irradiance change) 
First, the comparison is made between proportional controller and PI controller based 
dynamic reactive current injection. The proportional controller based implementation 
becomes unstable for gains as low as 0.5 when both the PV systems perform voltage 
control simultaneously. The reason for the instability is understood to be interaction 
between the controllers of two PV systems (which is influenced by feed-forward filter 
time constants of each PV system) as they respond similarly to the change in their 
respective PCC voltages. As pointed out in section 4.5.1, the same issue exists in the case 
of PI controllers but the integral controller gains were fine-tuned simultaneously to obtain 
a stable response. In the case of proportional controllers, a stable response can be 
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obtained by decreasing the speed of operation of q-axis current controllers (in the 
presence of feed-forward filter time constants at 0.75 ms) of one or both PV systems. 
This shows that PI controller based dynamic reactive current injection can result in an 
effective and stable PCC voltage control response even in the presence of interaction 
between the PV systems without compromising on the bandwidth of q-axis current 
controllers.       
 
Figure 4.19 Response of proportional type Volt/Var controller of both PV systems 
(post irradiance change) 
Second, the comparison is made between PI controller based dynamic reactive current 
injection and proportional controller based volt/var control. The volt/var control is a slow 
control and hence, it is not able to regulate the PCC voltage within the limits of 3% 
during irradiance change. But, it does not exhibit any instability issue during and after 
irradiance change, resulting in a stable response. The reason is that the bandwidth of q-
axis current controllers are very small when compared with that of d-axis current 
controllers bandwidth (difference in current controller gain crossover frequency is more 
than 10 times) in presence of feed-forward filters. This proves that the volt/var based 
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control strategy is not suitable for applications that require relatively faster reactive 
current injection.  
All these clearly show the superiority in performance of PI controller based dynamic 
reactive current injection over the other two control strategies.  
4.6 Conclusion 
This chapter deals with application of partial PV-STATCOM for performing voltage 
control to mitigate flicker in PCC voltage introduced by 100% change in irradiance. The 
PV system is made to perform PCC voltage control with feed-forward voltage filter time 
constants at 0.75 ms so that the interaction between dc-link voltage control loop and 
PCC-voltage control loop is at a maximum. Under this condition, the stability of 
proportional and PI controller based dynamic reactive current injections, and Volt/Var 
controls are compared.  
Studies are first performed with single PV system. For higher values of slopes of 
dynamic reactive current injection characteristic, the PI controller exhibits a stable 
response when the irradiance returns back to its nominal value whereas the proportional 
controller exhibits instability. Also, the proportional controller based volt/var control is 
found to be a slow control and is not effective is regulating the voltage within 3% during 
irradiance change. 
Studies are also performed with two similar PV systems performing simultaneous voltage 
control to mitigate voltage flicker at their respective PCCs. The PI controller based 
dynamic reactive current injection can ensure a stable simultaneous voltage control by 
both PV systems without compromising on the bandwidth of q-axis current controllers, 
which is not possible with proportional controller. Also, the volt/var control by both PV 
systems is not effective in regulating their respective PCC voltages within the allowed 
limits of 3%.  
Thus, it can be concluded that PI controller based dynamic reactive current injection 
strategy ensures a stable response even in the presence of interactions between dc-link 
voltage and PCC voltage control loops of single PV system or between two PV systems.                   
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Chapter 5 
5 VOLTAGE CONTROL DURING LARGE SYSTEM 
DISTURBANCES  
5.1 Introduction 
This chapter deals with the application of partial PV-STATCOM and full STATCOM to 
perform voltage control during large system disturbances. A three phase fault at the load 
end is used to simulate a large disturbance for the system. The ability of PV system to 
ride-through and provide stable voltage support during the fault, and to continue 
providing stable voltage support post fault are studied.    
The PV system (or PV systems) is made to perform PCC voltage control with feed-
forward voltage filter time constants at 0.75 ms so that the interaction between dc-link 
voltage control loop and PCC-voltage control loop is at a maximum. Under such 
circumstances, the performance of three types of voltage control strategies namely 
proportional controller based dynamic reactive current injection, PI controller based 
dynamic reactive current injection and PV system operating in Full STATCOM mode are 
compared.  
The studies are initially performed with a single PV system. They are later extended to 
the case where there are two similar PV systems performing simultaneous voltage 
support during and post faults. Finally, the effect of X/R ratio on the effectiveness of 
PCC voltage control is compared when two PV systems inject only reactive power and, a 
combination of active and reactive powers during voltage support.        
5.2 Application of dynamic reactive current injection 
for voltage support during LVRT operation 
It is mentioned in Chapter 1 that dynamic reactive current injection is one of the methods 
available to provide voltage support during Low Voltage Ride Through operation. The 
effectiveness of reactive current injection on voltage depends of X/R ratio of the 
distribution network. For lower X/R ratio, voltage is more sensitive to active power than 
reactive power [68]. 
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For dynamic reactive current injection, the proportional controller implementation is 
shown in Figure 4.1 and it can be represented using the equation,  
 𝐾𝑟𝑥𝑟𝑝𝑓 = −𝐾𝑝𝑝𝑠(𝑉𝑝𝑑𝑑𝑟𝑝𝑓 − 𝑉𝑝𝑑𝑑) (5.1)  
As shown in chapter 4, this can also be implemented using a PI controller implementation 
as shown in Figure 4.2 and it can be represented using the equations,   
 𝐾𝑟𝑥𝑟𝑝𝑓 = −𝐾𝑝𝑝𝑠𝑉𝑝𝑑𝑑𝑟𝑝𝑓 + 𝐾𝑝𝑝𝑠𝑉𝑝𝑑𝑑 − 𝐾𝑝𝑝𝑠𝐾𝑑𝑟𝑜𝑜𝑝𝐾𝑟𝑥 − 𝐾𝑖𝑝𝑠𝑥7 (5.2)  
 𝑉𝑥7
𝑉𝑡
= 𝑉𝑝𝑑𝑑𝑟𝑝𝑓 − 𝑉𝑝𝑑𝑑 − 𝐾𝑑𝑟𝑜𝑜𝑝𝐾𝑟𝑥 (5.3)  
These equations were already introduced in chapter 2. The only difference is that the 
droop in voltage is achieved by using reactive current 𝐾𝑟𝑥 instead of reactive power 𝑄𝑉𝑆𝑆 
as explained in chapter 4. Similar to chapter 4, it will be shown in this chapter that PI 
controller based implementation gives a stable performance in presence of feed-forward 
filter time constants when compared to proportional controller based implementation.  
5.3 Control of Active power during and post fault 
In single-stage three phase photovoltaic power systems, the active power is controlled by 
regulating of voltage of the dc-link capacitor during normal operation in order to extract 
the maximum power from the PV array. This means that only the free capacity of inverter 
available after real power injection (or real current) can be used for reactive power (or 
reactive current) injection. This mode of operation is referred to as P-priority [12]. Here, 
the maximum active current is limited by the rating of the inverter and the maximum 
reactive current limits are calculated based on the active current injection by inverter.    
When the PV system is performing reactive current injection during a ride-through 
operation caused by a voltage drop due to a fault, it has to inject an appropriate reactive 
current for the particular voltage drop. Post fault, the reactive current injection has to be 
continued for a certain period of time depending on the grid code (500 ms as per German 
grid code) to be followed. This is possible only when sufficient reactive current capacity 
is available. Hence, the PV inverter has to operate in a mode termed as “Q-priority” [12]. 
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Here, the maximum reactive current is limited by the rating of the inverter and the 
maximum active current limits are calculated based on the reactive current injection by 
inverter. 
When operating in Q-priority, the active power injected has to be curtailed in order to 
make room for reactive current injection. During a fault, the voltage of dc-link capacitor 
𝑉𝑑𝑑 will increase momentarily due to sudden drop in active power 𝑃𝑉𝑆𝑆 supplied by the 
PV system (due to drop in ac voltage 𝑉𝑝𝑑𝑑 (and 𝑉𝑑)) for the same power output by PV 
array 𝑃𝑝𝑝. Due to the same, the power output from the PV array will automatically 
decrease. If the inverter operates in Q-priority, the active current cannot be controlled 
effectively to regulate the dc-link voltage and hence, the dc-link voltage will continue to 
stay at a value which is higher than the maximum power point voltage of PV array.  
Post fault, the active power supplied by PV system will increase due to increase in 
voltage 𝑉𝑑 and settle at a new value depending on the active current injected during fault. 
The active power should be ramped up towards the nominal value very slowly which 
depends on the grid code followed (As per German grid code, the ramp-up rate should be 
at least 20 % of rated power per second). The dc-link voltage will automatically start 
decreasing towards the maximum power point voltage immediately after fault and hence, 
this will lead to rapid increase in power output of PV system which is not permitted. In 
[69], it has been mentioned that the dc-link voltage reference can be regulated at a higher 
value to limit the power from PV array during fault. A relation has been established 
between the ac voltage and the operating voltage of PV array to decide the new value of 
dc-link voltage reference in [69]. This concept of controlling the dc-link voltage 
reference has been adopted in this thesis.  
 
The dc-link voltage reference is increased by the same amount as the actual dc-link 
voltage and maintained constant (using a sample and hold circuit) at the new value after a 
certain period of time after the fault is detected. The new dc-link voltage reference 
(𝑉𝑑𝑑𝑟𝑝𝑓𝑝) is given by,      
 𝑉𝑑𝑑𝑟𝑝𝑓𝑝 = (𝑉𝑑𝑑𝑟𝑝𝑓 + (𝑉𝑑 − 𝑉𝑑𝑑𝑟𝑝𝑓)) (5.4)  
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This is achieved by measuring the actual dc-link voltage. The reference value is held 
constant at the new higher value after a period of 25 ms once the fault is detected. This 
time is chosen based on the assumption that the duration of fault is at least 2 cycles of 
power system frequency (60 Hz). A value of 25 ms (which is within 2 cycles of 60 Hz) is 
chosen based on the following requirements: 
 
i) Sufficient time is available for dc-link voltage to increase due to fault, settle at 
a new higher value and remain fairly constant. The value of dc-link voltage at 
this instant can be considered to be the new value of dc-link voltage reference.  
ii) Once the dc-link voltage reaches the new higher value, the new dc-link 
voltage reference has to be maintained constant. This is to ensure that the 
reference does not change further (decrease after the fault is cleared) in order 
to ensure a constant supply of power from PV array and prevent rapid ramp-
up of power. 
 
In practice, there are some delays involved in the detection of fault by the controller 
circuit of PV inverter but these are not considered in this thesis. This, along with other 
factors such as delays due to measurement of dc-link voltage etc., might affect the 
dynamics of dc-link voltage during a fault and the performance of the above control 
strategy. All these will eventually affect the output of dc-link voltage controller which is 
active current reference 𝐾𝑟𝑑𝑟𝑝𝑓 but no stability issues can occur. This is due to the 
operation of inverter in Q-priority during a fault in which the active current reference is 
limited by the injected reactive current.  
 
By changing the dc-link voltage reference to a new higher value, the following objectives 
are achieved: 
i) During fault, the dc-link voltage error is close to zero and the change in active 
current reference is very small. This ensures that the active current reference 
remains fairly constant at the value before fault and it is affected only by its 
saturation limits which are dependent on injected reactive current. The active 
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power injected by PV system will change depending on the ac voltage level 
due to fault.  
ii) Post fault, the active power supplied by PV system will increase depending on 
the ac voltage level for a particular value of active current. The active power 
from PV array can be maintained fairly close to the value that existed during 
fault. It can then be ramped-up slowly towards the nominal value by ramping 
down the dc-link voltage reference towards the maximum power point 
voltage. Also, a stable operating point can be obtained immediately after the 
fault for the entire system so that the reactive current support can be continued 
for a certain period of time (as per grid code).   
 
This method of controlling the active power during and post fault by increasing the dc-
link voltage reference by the same amount as actual dc-link voltage is also one of the 
contributions of this thesis. This particular type of control is not available in the literature 
to the best knowledge of author.  
5.4 Objective of simulation studies  
The purpose of simulation studies is to evaluate and compare the performance of voltage 
support provided by PV system during ride-through operation for the following types of 
control strategies: 
i) Voltage support provided by proportional controller based dynamic reactive 
current injection 
ii) Voltage support provided by PI controller based dynamic reactive current 
injection 
iii) Voltage support provided by Full STATCOM where the PV system curtails its 
active power and supplies full reactive power 
 
These studies will be performed with single PV system and two PV systems. In each of 
the above three cases, the objective is to study the interaction between dc-link voltage 
control loop and PCC voltage control loop in the presence of feed-forward filter time 
constants during and post faults. For this purpose, the feed-forward filter time constants 
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are fixed at 0.75 ms and PCC voltage measurement filter constant is fixed at 2 ms for all 
studies in this chapter which represent the worst case scenario for the interaction.    
5.5 Voltage support using single PV system 
The simplified version of the circuit utilized for fault simulation studies is shown in 
Figure 5.1. The 8.5 MW PV system is connected at bus 2. A three phase to ground 
resistive fault is introduced at the load end (bus 4). Three phase fault is used since the PV 
system controllers are designed to operate only on balanced distribution network. The 
load resistance is chosen as 25 Ω to ensure that the voltage levels on distribution feeder 
stays in the range from 0.6 to 0.8 pu without any reactive current support. As per German 
grid code reactive current injection requirements, voltages in this range will require 
injection of significant reactive power and active power (remaining capacity). This will 
be helpful for performing the following categories of studies: 
 
i) Interaction between dc-link voltage control loop and PCC voltage control loop 
during and post fault 
ii) Impact of X/R ratio of distribution feeder on the effectiveness of voltage 
support provided by using reactive power and active power.  
 
Also, faults with equivalent resistances in the range of 8 to 16 Ohms [70] and 90 to 200 
Ohms [71] have been reported in MV distribution systems which justifies the usage of a 
value of 25 Ohm.   
e
Fault 
Resistance
Substation 
Grid 
Supply
Substation 
Transformer
Load8.5 MW PV 
System
Line 1 Line 2 Line 3
Bus 1 Bus 2 Bus 3 Bus 4
 
Figure 5.1 Simplified diagram of the circuit utilized for the simulation of fault 
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The PV array of the 8.5 MW PV system is designed using the parameters of the PV panel 
FS 272 [72], [73]. The PV array parameters, the maximum power point dc-link voltage 
and dc-link capacitance are provided in Table D. 1 of Appendix D. First, the ability of the 
PV system to ride-through (supplying only active power and zero reactive power) during 
a fault and continue supplying active power post fault is studied. The dc-link voltage 
controller parameters used are those designed for the operation of PV system in Full 
STATCOM mode since this can be considered as the worst-case operating point. If the 
controller is stable in the worst-case operating point (zero active power injection), it 
remains stable at all other operating points when active power varies from zero to 
maximum value [18].  
 
The PV system is operating with maximum irradiance of 1 kW/𝑚2 and supplying 
maximum power. The fault is introduced at a time of 0.5 seconds for a period of 100 ms 
(6 cycles of 60 Hz). The responses of dc-link voltage, PV current and active current are 
shown in Figure 5.2. Before fault, the dc-link voltage is maintained at a value of 1.0656 
kV (MPP voltage) with a PV current 𝐼𝑝𝑝 of 7.98 kA and active current 𝐾𝑟𝑑 of 13.42 kA. 
Due to fault, the dc-link voltage rises to 1.262 kV and the dc-link voltage reference is 
also increased to same value. This ensures that 𝐼𝑝𝑝 reduces to 5.13 kA and 𝐾𝑟𝑑 remains 
constant at 13.42 kA. Post fault, the dc-link voltage is continued to be regulated at 1.262 
kV which ensures that 𝐼𝑝𝑝 remains close to 5.13 kA. The current 𝐾𝑟𝑑 decreases to 10.42 
kA due to increase in PCC voltage.      
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Figure 5.2  Response of dc voltage, PV and active currents during and post fault  
The response of active power, reactive power and PCC voltage are shown in Figure 5.3. 
It can be seen that the PCC voltage falls from 1.015 pu to 0.76 pu during fault and returns 
back to 1.01 pu post fault. The active power reduces from 7.98 MW to 5.98 MW during 
fault and increases close to 6.18 MW post fault. The reactive power remains zero 
throughout the simulation. This clearly shows that the PV system performs ride-through 
operation during fault and continues to supply almost the same active power post fault. 
The benefit of increasing the dc-link voltage reference is clearly visible as the active 
power does not exhibit any rapid increase post fault. The active power can then be 
ramped-up slowly by controlling the dc-link voltage reference.  
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As pointed out earlier, the other advantage of utilizing this control strategy is that a stable 
operating point can be obtained immediately after the fault for the entire system which 
may not be possible by switching to active current control during and after fault.  
 
Figure 5.3 Response of active and reactive powers, and PCC voltage during and post 
fault 
5.5.1 Voltage support using proportional controller based dynamic 
reactive current injection 
First, the voltage support provided by proportional controller based dynamic reactive 
current injection is studied. As per the German grid code, a minimum of 2% reactive 
current injection per percent voltage drop below 0.9 pu is required. The proportional gain 
is calculated as per this requirement and it is found to be 1.282 (for 2% reactive current 
injection per percent of voltage drop). The calculation of this value is provided in 
Appendix D. The response of PCC voltage (𝑉𝑝𝑑𝑑) , inverter reactive current (𝐾𝑟𝑥), the 
active power supplied by inverter (𝑃𝑉𝑆𝑆) and reactive power supplied by inverter (𝑄𝑉𝑆𝑆) 
are shown in Figure 5.4.     
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Figure 5.4  Response of proportional controller (for 2% reactive current injection) 
The PCC voltage controller is turned on at 0.5 seconds at which the fault is also applied. 
It can be seen that the 𝑉𝑝𝑑𝑑 is regulated at 0.80 pu during fault by supplying a capacitive 
reactive current of 5.7 kA. The active power drops to 6.47 MW and the reactive power 
supplied is 2.82 MVAr. The voltage support has been provided within 20 ms from the 
application of fault which is one of the requirements of German grid code. Post fault 
(after 0.6 seconds), 𝑉𝑝𝑑𝑑 increases to 1.008 pu and the reactive current injection is 
continued (as per the German grid code) to provide an inductive reactive current of 0.26 
kA. The active power increases to around 6.68 MW and the reactive power absorbed is 
close to 0.15 MVAr. The response of dc-link voltage and active current are conceptually 
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similar to the responses exhibited during ride-through operation with zero reactive power 
injection.  
Now, the proportional gain is increased to 2.565 in order to inject 4% of reactive current 
per percent of voltage drop below 0.9 pu. The response of PCC voltage, inverter reactive 
current, the active power and reactive power supplied by inverter are shown in Figure 
5.5. Due to the increase in the reactive current injection from 2% to 4%, the PCC voltage 
is now regulated at 0.82 pu and the capacitive reactive current injected is at 10.36 kA. 
The reactive power injection increases to 5.36 MVAr and the active power injection 
drops to 5.19 MW during fault. This shows that the PCC voltage can be regulated at 
higher values by increasing the reactive current injection per percent voltage drop.  
5.5.2 Voltage support using PI controller based dynamic reactive 
current injection 
Second, the voltage support provided by PI controller based dynamic reactive current 
injection is studied. The PI controller gains are chosen as 𝐾𝑝𝑝𝑠 = 0.5 and 𝐾𝑖𝑝𝑠 = 400 
based on sensitivity studies carried out in chapter 3 both for operation of PV system in 
partial PV-STATCOM and Full STATCOM modes of operation. The droop 𝐾𝑑𝑟𝑜𝑜𝑝 is set 
at 0.78 to represent a reactive current injection of 2% per percent of voltage drop. As 
pointed out in chapter 4, 𝐾𝑑𝑟𝑜𝑜𝑝 is the inverse of corresponding proportional gain of PV 
system for the case studied. The fault is applied at 0.5 seconds for 100 ms and the PCC 
voltage controller is turned on at 0.5 seconds. The response of PCC voltage, inverter 
reactive current, the active power and reactive power supplied by inverter are shown in 
Figure 5.6.  
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Figure 5.5 Response of proportional controller (for 4% reactive current injection) 
During fault, the PCC voltage is regulated at 0.80 pu by supplying a capacitive reactive 
current of close to 5.69 kA. The active and reactive powers supplied during fault are 6.48 
MW and 2.78 MVAr. The voltage support is also provided within 20 ms from the 
application of fault. Post fault, the PCC voltage increases to 1.008 pu and the reactive 
current injection is continued to provide an inductive reactive current of 0.258 kA. The 
active power supplied rises close to 6.67 MW and the reactive power absorbed is close to 
0.15 MVAr. This clearly shows that the steady state responses of PI controller based 
dynamic reactive current injection is very close to that of the proportional controller 
during and post fault.  
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Figure 5.6 Response of PI controller (for 2% reactive current injection) 
Now, the droop 𝐾𝑑𝑟𝑜𝑜𝑝 is set at 0.389 to represent a reactive current injection of 4% per 
percent of voltage drop. The response of PCC voltage, inverter reactive current, the active 
power and reactive power supplied by inverter are shown in Figure 5.7. It can be seen 
that the PCC voltage is now regulated at 0.82 pu by supplying a capacitive reactive 
current of 10.39 kA. The reactive power increases to 5.39 MVAr and the active power 
drops close to 5.19 MW during fault. This, once again, shows that the steady state 
response of PI controller matches with that of proportional controller for 4% reactive 
current injection per percent voltage drop.            
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Figure 5.7  Response of PI controller (for 4% reactive current injection) 
5.5.3 Voltage support using Full STATCOM 
Third, the voltage support achieved using Full STATCOM operation of PV system is 
studied. For operation in Full STATCOM mode, the 8.5 MW PV system has to curtail all 
its real power in order to supply complete reactive power. In order to curtail its real 
power completely, the dc-link voltage is regulated at the open circuit voltage of the 8.5 
MW PV array so that the power from PV array goes towards zero. To ensure that the dc-
link voltage is properly regulated at the open circuit voltage, the PV system has to operate 
in P-priority instead of Q-priority during and post fault. This ensures that the real power 
is curtailed completely without any stability issue and the entire capacity is available for 
reactive power support during fault.  
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It is found that the dc-link voltage controller exhibits relatively slower response in 
regulating the dc-link voltage at the open circuit voltage. It takes around 135 ms for the 
voltage to reach within 1% of steady state value of 1.4192 kV from maximum power 
point voltage of 1.0656 kV. In chapter 3, it was pointed out that the dc-link voltage 
controller is designed to operate with a bandwidth of 460 rad/sec (settling time of 14.1 ms 
for 10 % step) for STATCOM (without considering the dynamics of PV array). Due to 
the presence of nonlinearities exhibited by PV array, the controller exhibits a slower 
response. The controller design can be changed to obtain a faster response. But, the 
design is not changed as the objective is to make a direct comparison with the responses 
obtained for voltage support using proportional and PI controller based dynamic reactive 
current injection. In order to study the effect of only reactive power injection (with close 
to zero active power injection) on the PCC voltage, the duration of fault is increased from 
100 ms to 200 ms. This is done to provide extra time for the dc-link voltage controller to 
regulate the voltage at open circuit voltage so that active power from PV array is close to 
zero. It is understood that a 200 ms fault may not occur practically but it is introduced for 
the sake of comparative studies.  
For the PCC voltage controller, the PI controller gains are chosen as 𝐾𝑝𝑝𝑠 = 0.5 and 
𝐾𝑖𝑝𝑠 = 400 based on studies in chapter 3. The droop 𝐾𝑑𝑟𝑜𝑜𝑝 is usually chosen in the 
range of 1 % to 10 % [33]. A droop of 1 % means that 100% reactive current injection is 
required for 1% percent drop in voltage below 1 pu. The droop 𝐾𝑑𝑟𝑜𝑜𝑝  is initially chosen 
as 2 % for which the value is calculated using the relation provided in appendix D and 
it is found to be 0.0312. The fault is introduced at 0.5 seconds for a duration of 200 ms. 
The application of step of 0.3536 kV to regulate the dc-link voltage at open circuit 
voltage and the turn-on of PCC voltage controller are performed at 0.5 seconds. The 
response of PCC voltage, reactive current, active and reactive power supplied by inverter 
are shown in Figure 5.8. The PCC voltage is regulated close to 0.78 pu by supplying full 
capacitive reactive current of 14.41 kA at a time of about 0.68 s. At the same time, the 
active power supplied is close to zero and the reactive power supplied is around 7.36 
MVAr. It is clear that the PV system curtails its active power completely and acts as a 
Full STATCOM during fault. Post fault, the PCC voltage is regulated close to 0.996 pu 
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by supplying a capacitive reactive current of 2.33 kA. The reactive power supplied is 
close to 1.36 MVAr and active power supplied is close to zero. 
 
Figure 5.8 Response of Full STATCOM (for 2% droop) 
The studies were also performed for droops of 5% and 10% but it was found that there is 
no significant difference in these responses when compared with the response for a droop 
of 2%. In both the cases, the PCC voltage is regulated at 0.78 pu by supplying the 
maximum capacitive reactive current.  
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5.5.4 Comparison between the voltage support provided by three 
control strategies 
A comparative study is performed between the three types of voltage support strategies 
utilized for ride-through operation of the PV system during a fault. The following are the 
considered factors for comparison: 
i) PCC voltage level during fault 
ii) Transient response of PCC voltage and reactive current during and post fault 
First, the comparison is made between proportional controller and PI controller based 
dynamic reactive current injection strategies. The steady state responses of both types of 
controllers are similar during and post faults for both 2% and 4% reactive current 
injections per percent voltage drop. For proportional controller, the transient oscillations 
in the responses of PCC voltage and reactive current increase (during and post fault) as 
the value of proportional gain increases. It was shown in chapter 3 that the interaction 
between DC-link voltage control loop and PCC voltage control loop increases as the 
value of proportional gain increases.  
From the PCC voltage response of Figure 5.5, the damped natural frequency is found to 
be approximately 178.02 Hz (1117.96 rad/sec) (measured after a time of 0.62 seconds to 
ensure modulation index values are within +/-1). Such oscillations also exist in the 
response of reactive current. The system is linearized about the operating point that exists 
(post fault for Figure 5.5) using the model developed in chapter 3 for partial PV-
STATCOM. By eigenvalue analysis, it is found that one of the eigenvalues is at                
-152.79+/-j 1132.7. The damped frequency of this eigenvalue is close to the damped 
frequency of the PCC voltage response. By participation factor analysis, it is found that 
the dominant states that participate in this eigenvalue pertain to dc-link voltage control 
loop (𝑥3), PCC-voltage control loop (𝑥4), and measurement filters (𝑉𝑑𝑥𝑓,  𝑉𝑠1𝑑𝑓). It shows 
that for the proportional controller, this interaction influences the performance of partial 
PV-STATCOM while performing voltage support during LVRT operations. For higher 
values of proportional gain, the oscillations could increase and could lead towards 
instability. Also, it will be shown later that this interaction leads to instability when two 
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PV systems are simultaneously performing voltage support with proportional controller 
based dynamic reactive current injection.  
This is not the case with PI controller based dynamic reactive current injection. For the 
case of 4% reactive current injection (Figure 5.7), the transient response of PCC voltage 
and reactive current does not exhibit any significant damped oscillations which are an 
advantage of this control strategy over proportional controller. Also, the advantage of PI 
controller based dynamic reactive current injection will clearly be shown later in this 
chapter when two PV systems are simultaneously performing voltage support. 
Second, the comparison is made between the responses obtained for PI controller based 
dynamic reactive current injection and Full STATCOM. Total reactive current injection 
using Full STATCOM regulates the PCC voltage to only 0.78 pu during fault. The PI 
controller based dynamic reactive current injection strategy is able to regulate the voltage 
at 0.80 pu (for 2% reactive current injection) and 0.82 pu (for 4% reactive current 
injection) during fault due to significant active power injections. This shows the 
effectiveness of reactive power control on voltage is dependent on X/R ratio of the 
distribution feeder. For X/R ratio of 2.47 (for the considered distribution feeder), only 
reactive power injection is less effective when compared to injecting a combination of 
active and reactive powers. But, as the X/R ratio increases, reactive power will have more 
effect on voltage which will be shown later in this chapter.  
5.6 Voltage Support using Two PV systems 
This section deals with voltage support provided by reactive current injection using two 
PV systems. The simplified diagram of the circuit utilized for the study with two PV 
systems is shown in Figure 5.9. A 9.9 MW PV system is connected at bus 3 which is 5 
km away from the 8.5 MW PV system, similar to the studies performed in chapter 4. A 
three phase to ground fault is applied at load end using a resistance of 25 Ohm.  
The PV array of 9.9 MW PV system is designed using the parameters of FS 272 PV 
panel. The PV array parameters, the maximum power point dc-link voltage and dc-link 
capacitance are provided in Table D. 1 of Appendix D. 
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Figure 5.9 Simplified diagram of the circuit utilized for the simulation of fault with 
two PV systems 
The dc-link voltage controller parameters for the 9.9 MW PV system are similar to those 
utilized for 8.5 MW PV system. Similar to section 4.5, both the PV systems are designed 
to have the same control system parameters (current controllers, PLL, dc-link voltage 
controller etc.) as this represents the worst case scenario where both PV systems respond 
in a similar way to any system disturbance. The PCC voltage (at bus 2) of 8.5 MW PV 
system is 𝑉𝑝𝑑𝑑1, the reactive current output of its inverter is 𝐾𝑟𝑥1, the active and reactive 
power supplied by its inverter are 𝑃𝑉𝑆𝑆1 and 𝑄𝑉𝑆𝑆1. The PCC voltage (at bus 3) of 9.9 
MW PV system is 𝑉𝑝𝑑𝑑2, the reactive current output of its inverter is 𝐾𝑟𝑥2, the active and 
reactive power supplied by its inverter are 𝑃𝑉𝑆𝑆2 and 𝑄𝑉𝑆𝑆2. 
Both the PV systems are operating with maximum irradiance of 1 kW/𝑚2 and supplying 
maximum active power. The fault is introduced at a time of 0.5 seconds for a period of 
100 ms (6 cycles of 60 Hz). The ride-through operation performed by both PV systems 
(with zero reactive current injection) is shown in Figure 5.10. 𝑉𝑝𝑑𝑑1 and 𝑉𝑝𝑑𝑑2 drop to 
0.834 pu and 0.8 pu respectively. 𝑃𝑉𝑆𝑆1 and 𝑃𝑉𝑆𝑆2 are 6.46 MW and 7.2 MW 
respectively. Both PV systems continue to maintain the active currents close to value that 
existed before the application of fault as the respective dc-link voltage errors are 
maintained close to zero. Post faults, 𝑃𝑉𝑆𝑆1 and 𝑃𝑉𝑆𝑆2 are 6.67 MW and 7.48 MW 
respectively which are close to the powers supplied during fault. This shows the change 
in dc-link voltage reference of both PV systems ensure that they ride-through the fault by 
169 
 
supplying active power and a stable operating point is reached for both PV systems post 
fault.        
 
Figure 5.10 Ride-through operation by both PV systems (with zero reactive current 
injection) during and post fault  
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5.6.1 Voltage support using proportional controller based dynamic 
reactive current injection 
First, the voltage support provided by proportional controller based dynamic reactive 
current injection (by both PV systems) is studied. Both the PV systems are designed to 
inject a minimum of 2% reactive current injection per percent voltage drop below 0.9 pu. 
The proportional gains are calculated as 1.282 for 8.5 MW PV system and 1.494 for 9.9 
MW PV system. The PCC voltage controllers are turned on at 0.5 seconds. The voltage 
support provided by both PV systems is shown in Figure 5.11. It can be seen that 𝑉𝑝𝑑𝑑1 
and 𝑉𝑝𝑑𝑑2 are regulated at 0.892 pu and 0.862 pu respectively by supplying capacitive 
reactive currents of 𝐾𝑟𝑥1  = 3.1 kA and 𝐾𝑟𝑥2  = 4.6 kA. 𝑃𝑉𝑆𝑆1 and 𝑃𝑉𝑆𝑆2 are 7.03 MW and 
7.92 MW respectively during fault. The reactive powers supplied namely 𝑄𝑉𝑆𝑆1 and 
𝑄𝑉𝑆𝑆2 are 1.66 MVAr and 2.39 MVAr respectively during fault. Post fault, the transient 
response of PCC voltages exhibit damped oscillations of 163.37 Hz (1025.96 rad/sec) 
which take approximately 140 ms (at 0.74 s) to get completely damped. These 
oscillations are due to interaction between the controllers of two PV systems (which is 
influenced by feed-forward filter time constants of each PV system) as they respond 
similarly to the change in their respective PCC voltages.  
Now, both the PV systems are designed to inject 3% reactive current injection per percent 
voltage drop below 0.9 pu. The proportional gains are calculated as 1.926 for 8.5 MW PV 
system and 2.23 for 9.9 MW PV system. The voltage support provided by both PV 
systems is shown in Figure 5.12. Due to increase in reactive current injections, the PCC 
voltages are now regulated at 0.908 pu (𝑉𝑝𝑑𝑑1) and 0.88 pu (𝑉𝑝𝑑𝑑2) by injecting capacitive 
reactive currents are at 3.96 kA ( 𝐾𝑟𝑥1 ) and 6.02 kA ( 𝐾𝑟𝑥2 ). Post fault, the PCC voltage 
responses exhibit instability as they become oscillatory initially due to which modulation 
index saturates and hence, a pattern of non-sinusoidal oscillations result. 
5.6.2 Voltage support using PI controller based dynamic reactive 
current injection 
Second, the voltage support provided by PI controller based dynamic reactive current 
injection (by both PV systems) is studied. The PI controller gains are chosen as 𝐾𝑝𝑝𝑠 =
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0.5 and 𝐾𝑖𝑝𝑠 = 400 for each PV system. The droop 𝐾𝑑𝑟𝑜𝑜𝑝 is set at 0.78 for 8.5 MW PV 
system and 0.66 for 9.9 MW PV system to represent reactive current injection of 2% per 
percent of voltage drop.  
 
Figure 5.11 Response of proportional controller for 2% reactive current injection by 
both PV systems 
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Figure 5.12 Response of proportional controller for 3% reactive current injection by 
both PV systems 
The fault is applied at 0.5 seconds for 100 ms and the PCC voltage controllers are turned 
on at 0.5 seconds. The voltage support provided by both PV systems is shown in Figure 
5.13. The PCC voltages 𝑉𝑝𝑑𝑑1 and 𝑉𝑝𝑑𝑑2 are regulated at 0.892 pu and 0.862 pu 
respectively by supplying capacitive reactive currents of 𝐾𝑟𝑥1  = 3.1 kA and 𝐾𝑟𝑥2  = 4.62 
kA. 𝑃𝑉𝑆𝑆1 and 𝑃𝑉𝑆𝑆2 are 7.02 MW and 7.91 MW respectively during fault. The reactive 
powers supplied namely 𝑄𝑉𝑆𝑆1 and 𝑄𝑉𝑆𝑆2 are 1.64 MVAr and 2.43 MVAr respectively 
during fault. Post fault, the transient response of PCC voltages exhibit damped 
oscillations of 162.04 Hz (1017.6 rad/sec) which take approximately 75 ms (at 0.675 s) to 
get completely damped.  
Now, both the PV systems are designed to inject 3% reactive current per percent voltage 
drop below 0.9 pu. The droops are calculated as 0.519 and 0.448 for the 8.5 MW and 9.9 
MW PV systems respectively. The voltage support provided by both PV systems is 
shown in Figure 5.14. The PCC voltages are now regulated at 0.908 pu (𝑉𝑝𝑑𝑑1) and 0.88 
pu (𝑉𝑝𝑑𝑑2) by injecting capacitive reactive currents of 3.96 kA ( 𝐾𝑟𝑥1 ) and 6.02 kA ( 𝐾𝑟𝑥2). 
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Post fault, there are damped oscillations of frequency 160.02 Hz (1004.92 rad/sec) which 
get damped out completely in approximately 100 ms (at 0.7 sec).    
 
Figure 5.13 Response of PI controller for 2% reactive current injection by both PV 
systems 
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Figure 5.14 Response of PI controller for 3% reactive current injection by both PV 
systems 
5.6.3 Voltage support using Full STATCOM 
Third, the voltage support provided by two Full STATCOMs is studied. Both the PV 
systems operate in P-priority to curtail their real power completely. The dc-link voltage 
controllers of both PV systems exhibit slow responses in regulating their respective dc-
link voltages at open circuit voltage of PV array. Similar to the reasons pointed out in 
section 5.5.3, the fault is simulated for a duration of 200 ms. The PI controller gains are 
chosen as 𝐾𝑝𝑝𝑠 = 0.5 and 𝐾𝑖𝑝𝑠 = 400 for both the PV systems. The droops are set at 2% 
for both the PV systems initially and are calculated to be 0.0312 and 0.0268 for 8.5 MW 
and 9.9 MW PV system respectively. The voltage support provided by the Full 
STATCOMs is shown in Figure 5.15. The fault is applied at 0.5 s. Step responses to 
regulate the dc-link voltage at respective open circuit voltages and turn-on of PCC 
voltage controllers are performed at 0.5 s. It can be seen from the responses that the 
active powers are regulated to zero. The PCC voltages 𝑉𝑝𝑑𝑑1 and 𝑉𝑝𝑑𝑑2 are regulated at 
0.835 pu and 0.817 pu respectively by supplying full capacitive reactive currents of 𝐾𝑟𝑥1  
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= 14.45 kA and 𝐾𝑟𝑥2  = 16.84 kA. The reactive powers supplied 𝑄𝑉𝑆𝑆1 and 𝑄𝑉𝑆𝑆2 are 7.8 
MVAr and 8.89 MVAr respectively during fault. 
 
Figure 5.15 Response of two PV systems operating in Full STATCOM mode (for 2% 
droop) 
The studies were also performed for droops of 5% and 10% for both PV systems but it is 
found that there is no significant difference in these responses when compared with the 
176 
 
response for a droop of 2%. In both cases, the PCC voltages 𝑉𝑝𝑑𝑑1 and 𝑉𝑝𝑑𝑑2 are regulated 
at 0.835 pu and 0.817 pu by supplying the maximum capacitive reactive currents.  
5.6.4 Comparison between the voltage support provided by three 
control strategies 
A comparative study is performed between the three types of voltage support strategies 
utilized for ride-through operation of both PV systems during a fault. The following 
factors are considered for comparison: 
i) PCC voltage level during fault 
ii) Transient response of PCC voltage and reactive current during and post fault 
First, the comparison is made between proportional controller and PI controller based 
dynamic reactive current injection strategies. The steady state responses of both types of 
controllers are almost similar during faults for both 2% and 3% reactive current injections 
per percent voltage drop.  
Post fault, the proportional controller response exhibits damped oscillations of frequency 
163.37 Hz for 2% reactive current injection which take 140 ms to get completely 
damped. With a PI controller, the oscillations of similar frequency exist but they get 
damped in around 75 ms. For 3% reactive current injection, proportional controller 
results in a unstable response whereas PI controller results in a stable response. This 
shows the clear advantage of PI controller based dynamic reactive current injection which 
can result in an effective and stable PCC voltage control response even in the presence of 
interaction between the PV systems.  
Second, the comparison is made between the responses obtained for PI controller based 
dynamic reactive current injection and Full STATCOM. The inferences are similar to 
those mentioned in the case of comparative studies of control strategies with single PV 
system. For an X/R ratio of 2.47, full reactive power injection by both PV systems 
operating in Full STATCOM mode is less effective in PCC voltage control during fault 
when compared to injecting a combination of active and reactive powers. For higher X/R 
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ratios, full reactive power injections have more effect as will be shown in the next 
section. 
5.7 Effect of X/R ratio of distribution feeder on PCC 
voltage control 
It was mentioned earlier that the effectiveness of full reactive power injection on PCC 
voltage control is dependent on the X/R ratio of distribution feeder. In this section, the 
X/R ratio is changed to values such as 2.47, 5, 7.5 and 10 to represent a range of 
distribution feeders with different characteristics. For changing X/R ratio, the resistance 
and reactance per unit length of the distribution line are changed while maintaining the 
impedance per unit length constant (for maintaining the same conductor ampacity).  
For each X/R ratio, the PCC voltage levels reached during fault are compared for the 
following cases: 
i) Two PV systems providing voltage support with PI controller based dynamic 
reactive injection (2% reactive current injection per percent voltage drop)  
ii) Two PV systems providing voltage support by operating in Full STATCOM 
mode (with 2% droop each) 
The values of PCC voltages, reactive current, active power and reactive powers supplied 
by each PV system for different X/R ratio are summarized in Table 5.1. The following 
inferences can be made: 
i) For voltage support using LVRT with 2% reactive current injection: As the value 
of X/R ratio increases, the reactive current (and hence, the reactive power) supplied by 
each PV system decreases which leads to increase in active power injected. The PCC 
voltage levels during fault (without reactive current injection) are also dependent on X/R 
ratio and active power injected during fault. For instance, the PCC voltages 𝑉𝑝𝑑𝑑1 and 
𝑉𝑝𝑑𝑑2 are at 0.848 pu and 0.824 pu for X/R ratio of 10 which are higher when compared 
to the PCC voltage levels for X/R ratio of 2.47.  
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Table 5.1 Effectiveness of X/R ratio on PCC voltage control 
  
LVRT with 2% reactive 
current injection per 
percent voltage drop 
Full STATCOM 
X/R ratio Parameter 
8.5 MW PV 
system 
9.9 MW PV 
system 
8.5 MW PV 
system 
9.9 MW PV 
system 
 
2.47 
𝑉𝑝𝑑𝑑 (pu) 0.892 0.862 0.835 0.817 
𝑃𝑉𝑆𝑆 (MW) 7.02 7.91 -0.164 -0.187 
𝑄𝑉𝑆𝑆 
(MVAr) 
1.64 2.43 7.8 8.89 
𝐾𝑟𝑥 (kA) -3.1 -4.62 -14.45 -16.84 
5 
𝑉𝑝𝑑𝑑 (pu) 0.901 0.878 0.885 0.878 
𝑃𝑉𝑆𝑆 (MW) 7.43 8.4 -0.146 -0.212 
𝑄𝑉𝑆𝑆 
(MVAr) 
1.525 2.18 8.22 9.47 
𝐾𝑟𝑥 (kA) -2.83 -4.11 -14.45 -16.84 
 
7.5 
𝑉𝑝𝑑𝑑 (pu) 0.905 0.885 0.906 0.903 
𝑃𝑉𝑆𝑆 (MW) 7.61 8.62 -0.138 -0.223 
𝑄𝑉𝑆𝑆 
(MVAr) 
1.47 2.07 8.42 9.77 
𝐾𝑟𝑥 (kA) -2.71 -3.86 -14.45 -16.84 
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10 
𝑉𝑝𝑑𝑑 (pu) 0.907 0.88 0.916 0.916 
𝑃𝑉𝑆𝑆 (MW) 7.68 8.67 -0.138 -0.246 
𝑄𝑉𝑆𝑆 
(MVAr) 
1.45 2.01 8.47 9.88 
𝐾𝑟𝑥 (kA) -2.66 -3.78 -14.44 -16.84 
Hence, for a particular characteristic of dynamic reactive current injection, the magnitude 
of reactive current injected depends on PCC voltage level (with zero reactive current) 
which is in-turn dependent on X/R ratio. Eventually, the magnitude of reactive current 
injected determines the net increase in PCC voltage levels.  
ii) For Full STATCOM operation: Irrespective of X/R ratio, both the PV systems inject 
full reactive current (hence, reactive power) by curtailing their real powers to zero. The 
increase in PCC voltage is determined by the X/R ratio. As X/R ratio increases, the PCC 
voltage levels increase as it is more sensitive to injected reactive powers.         
These studies show that the application of Full STATCOMs for PCC voltage control 
during fault becomes more effective as the value of X/R ratio of the distribution feeder 
increases.  
5.8 Conclusion 
In this chapter, the ability of PV-STATCOM to ride-through, and provide stable voltage 
support during and post a three phase fault is studied. The PV system (or PV systems) is 
made to perform PCC voltage support with feed-forward voltage filter time constants at 
0.75 ms so that the interaction between dc-link voltage control loop and PCC-voltage 
control loop is at a maximum. Under this condition, the stability of proportional 
controller based dynamic reactive current injection, PI controller based dynamic reactive 
current injection and PV system operating in Full STATCOM mode is compared.  
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Studies are first performed with single PV system. For higher values of slopes of 
dynamic reactive current injection characteristic, the PI controller exhibits a better 
damped response when compared to proportional controller.   
 
Studies are also performed with two similar PV systems providing simultaneous voltage 
support during and post fault. The proportional controller based dynamic reactive current 
injection results in oscillatory PCC voltage responses post fault and this goes towards 
instability as the slope of dynamic reactive current injection characteristic increases. The 
PI controller results in a relatively better damped and stable response for all values of 
considered slopes.  
 
The studies with PV systems operating in Full STATCOM mode (with single and two PV 
systems) for voltage support revealed that X/R ratio plays a crucial role in the 
effectiveness of voltage control. As the value of X/R ratio increases, complete reactive 
power injection becomes more effective.     
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Chapter 6 
6 CONCLUSIONS AND FUTURE WORK 
6.1 General 
There are many challenges involved in the grid integration of PV systems which are 
created by high penetration of PV systems. Smart PV inverters have been shown capable 
of mitigating some of the issues and increase the penetration level of PV systems in 
distribution networks. The smart inverter functions such as Volt/Var control, dynamic 
reactive current injection and low voltage ride through are some of the functions for 
voltage control purposes. It has been shown in this thesis these functions can also be 
implemented using PV-STATCOM controls.  
Further, a particular control system interaction issue that is capable of causing instability 
when there is PCC voltage control action has been pointed out using the developed 
detailed state space model of PV-STATCOM. It has been shown by Eigenvalue 
sensitivity analysis studies that PI type PCC voltage controller (PV-STATCOM controls) 
can remain stable even in the presence of this issue whereas proportional type PCC 
voltage controller (Smart Inverter controls) cannot remain stable.  
The performance of PI and proportional type PCC voltage controllers in the presence of 
control system interaction is studied while performing voltage control during system 
disturbances. Disturbance due to irradiance change and a three phase fault are studied. 
Dynamic reactive current injection is considered as the smart PV inverter function for 
which both proportional and PI controllers are designed. It has been shown that PI 
controller based dynamic reactive current injection is more stable than proportional 
controller based dynamic reactive current injection while performing voltage control 
during disturbances.  
The studies are initially performed with a single PV system and are later extended to the 
case where there are two PV systems.   
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6.2 PV-STATCOM Modeling 
The nonlinear modeling of PV-STATCOM unit connected to a distribution network is 
carried out in chapter 2. The distribution network subsystem includes substation grid, 
substation transformer, distribution line and load. The PV-STATCOM unit consists of 
PV and Controller subsystems. The PV subsystem includes PV panel array, PV inverter, 
filter and coupling transformer. The control subsystem includes the PLL, current 
controllers, dc-link voltage controller and PCC voltage controller. The model for each 
subsystem has been developed in dq frame.   
The need for developing the complete linearized model of entire system which is to study 
the interaction between dc-link voltage control loop and PCC voltage control loop has 
been explained. The procedure for linearization which is based on Taylor series 
expansion has been individually applied to each subsystem and the corresponding 
linearized model has been developed. Finally, the linearized model of the overall system 
has been developed by combining the linearized models of each subsystem. The 
linearized model in each mode of operation of PV-STATCOM namely full PV, partial 
PV-STATCOM and Full STATCOM modes is presented. 
The model and results obtained for the PV-STATCOM are valid for a PV system of any 
rating.   
6.3 Controller Design for PV-STATCOM 
In chapter 3, the controller design for PV-STATCOM is carried out. The individual 
controllers of PV-STATCOM namely PLL, current controllers and dc-link voltage 
controller are designed based on linear control techniques. The model of PV-STATCOM 
operating in Full PV mode is first validated by comparing the dc-link voltage and active 
power outputs of linearized and PSCAD / EMTDC model responses for a step change in 
irradiance at three different operating points.  
For partial PV-STATCOM, the stability of proportional controller based PCC voltage 
controller is studied using the Eigenvalue sensitivity analysis. An interaction between dc-
link voltage control loop and PCC voltage control loop due to delays in the measurement 
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filters of EPC feed-forward signals is pointed out. The performance of both proportional 
and PI controllers have been compared in the presence of the interaction. For both the 
controllers, the sensitivity of critical eigenvalue to measurement filter time constants, 
PCC voltage controller gains and reactive current controller bandwidth are studied. Based 
on these studies, it has been proved that proportional controller exhibits instability for 
higher gains which can be mitigated by slowing down the reactive current controller in 
the presence of interaction. The PI controller results in a stable response even in the 
presence of interaction without compromising on the bandwidth of reactive current 
controller. The partial PV-STATCOM linearized model has been validated by applying a 
step in PCC voltage and, comparing the responses of linearized and PSCAD / EMTDC 
models for both cases of proportional and PI controller.   
For Full STATCOM mode, the dc-link voltage controller is re-designed with the same 
performance characteristics as Full PV mode. Eigenvalue sensitivity analysis is then used 
to decide the optimum values of PI type PCC voltage controller gains in the presence of 
interaction between dc-link voltage control loop and PCC voltage control loop.  The 
linearized model of Full STATCOM is then validated for both a step change in dc-link 
voltage and PCC voltage by making comparisons with PSCAD / EMTDC model.    
6.4 Voltage control to mitigate voltage flicker 
The application of partial PV-STATCOM for performing voltage control to mitigate 
flicker in PCC voltage introduced by 100% change in irradiance is studied in chapter 4. 
The PV system is made to perform PCC voltage control with feed-forward voltage filter 
time constants at 0.75 ms so that the interaction between dc-link voltage control loop and 
PCC-voltage control loop is at a maximum. Under this condition, the stability of 
proportional and PI controller based dynamic reactive current injections, and Volt/Var 
controls are compared.  
Studies are performed with single PV system and two PV systems performing 
simultaneous voltage control. For studies with single PV system, higher values of slopes 
of dynamic reactive current injection characteristic can be implemented with a PI 
controller over proportional controller without any stability issues. For studies with two 
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PV systems, PI controller based dynamic reactive current injection can ensure a stable 
simultaneous voltage control without compromising on the bandwidth of q-axis current 
controllers, which is not possible with proportional controller. The volt/var control is 
found to be a slow control which is not effective in regulating the PCC voltages within 
the allowed limits of 3% in studies with single and two PV systems. 
6.5 Voltage support during LVRT 
In chapter 5, the ability of PV-STATCOM to ride-through, and provide stable voltage 
support during and post a three phase fault is studied. The PV system is made to perform 
PCC voltage support with feed-forward voltage filter time constants at 0.75 ms so that the 
interaction between dc-link voltage control loop and PCC-voltage control loop is at a 
maximum. Under this condition, the stability of proportional controller based dynamic 
reactive current injection, PI controller based dynamic reactive current injection and PV 
system operating in Full STATCOM mode is compared.  
 
Studies are performed with single PV system and two PV systems. For studies with 
single PV system, the PI controller exhibits a better damped response when compared to 
proportional controller for higher values of slopes of dynamic reactive current injection. 
For studies with two PV systems, PI controller results in a relatively better damped and 
stable response post fault whereas proportional controller results in instability for higher 
values of slopes of dynamic reactive current injection. 
 
Studies with PV systems operating in Full STATCOM mode (with single and two PV 
systems) for voltage support showed that complete reactive power injection becomes 
more effective as the value of X/R ratio of distribution feeder increases.     
6.6 Thesis Contributions 
The following are the major contributions of this thesis: 
1) A detailed linearized state space model of a PV system with PCC voltage control 
functionality (PV-STATCOM) has been developed. Model can be used for 
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performing stability studies in all three modes of operation namely Full PV, 
partial PV-STATCOM and Full STATCOM. Such a detailed model with all 
these features is not available in the literature to the best knowledge of author.  
 
2) The developed model has been used to identify the interaction between dc-link 
voltage control loop and PCC voltage control loop, influenced by grid voltage 
feed-forward filters. The performance of proportional and PI type PCC voltage 
controllers has been evaluated in the presence of the interaction. This kind of 
analysis is not available in the literature to the best knowledge of the author.     
 
3) The dynamic reactive current injection function is implemented using PI 
controller with droop. Its superiority in performance over proportional controller 
based dynamic reactive current injection is brought out while performing voltage 
control during system disturbances such as irradiance change and faults. These 
kinds of comparative studies are not available in the literature to the best 
knowledge of author. 
Papers to be published from this thesis (tentative details which are subject to 
change): 
[1] R. K. Varma and Sridhar.BS, “Smart PV Inverter Voltage Control Strategies”, Paper 
under preparation to be submitted to IEEE Transactions on Sustainable Energy. 
6.7 Future Work 
Some of the work that can be carried out as part of future research is provided below: 
• The model developed for one PV-STATCOM can be extended and a detailed 
model with two PV-STATCOMs can be developed. The model can be used for 
coordinated controller design between two PV-STATCOMs.  
• The model developed for the PV-STATCOM is valid for a PV system irrespective 
of its rating. In practice, a large PV power plant consists of multiple PV inverters 
in parallel. A detailed model can be developed for a large PV power plant that 
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includes the models for each individual inverter. This could be used to study the 
interactions between individual inverters etc. 
• A detailed model for a two stage PV-STATCOM can be developed. The control 
system interaction issues can be studied using the detailed model. 
• Voltage flicker studies were conducted by introducing a 100% step change in 
irradiance. This can be extended by performing the studies with high resolution 
location based solar irradiance data.  
• A detailed model of single stage and two stage PV-STATCOMs for operation 
under unbalanced conditions can be developed. The control system interaction 
issues can be studied using the detailed model. This is beneficial for applications 
such as unbalanced load compensation and operation under asymmetrical faults.   
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Appendices 
Appendix A: Linearized Matrices of State Space Models  
A.1    Linearized matrices for Distribution Network Subsystem: 
The system matrix 𝐴11 is a 18 * 18 matrix and is given by: 
𝐴11 = 
 
 
−𝑅𝑔
𝐿𝑔
 𝜔𝑜 −𝑥1
2
𝐿𝑔
 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
−𝜔𝑜 −𝑅𝑔
𝐿𝑔
 0 −𝑥12
𝐿𝑔
 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1
𝑃1
 0 0 𝜔𝑜 − 1
𝑃1
 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 1
𝑃1
 −𝜔𝑜 0 0 − 1
𝑃1
 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 1
𝐿1
 0 −𝑅1
𝐿1
 𝜔𝑜 −
1
𝐿1
 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 1
𝐿1
 −𝜔𝑜 
−𝑅1
𝐿1
 0 − 1
𝐿1
 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 1
𝑃23
 0 0 𝜔𝑜 − 1
𝑃23
 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 1
𝑃23
 −𝜔𝑜 0 0 − 1
𝑃23
 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1
𝐿2
 0 −𝑅2
𝐿2
 𝜔𝑜 −
1
𝐿2
 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 1
𝐿2
 −𝜔𝑜 
−𝑅2
𝐿2
 0 − 1
𝐿2
 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 1
𝑃45
 0 0 𝜔𝑜 −1
𝑃45
 0 0 0 0 0 
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0 0 0 0 0 0 0 0 0 1
𝑃45
 −𝜔𝑜 0 0 −1
𝑃45
 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 1
𝐿3
 0 −𝑅3
𝐿3
 𝜔𝑜 
−1
𝐿3
 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 1
𝐿3
 −𝜔𝑜 
−𝑅3
𝐿3
 0 −1
𝐿3
 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 1
𝑃6
 0 0 𝜔𝑜 −1
𝑃6
 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 1
𝑃6
 −𝜔𝑜 0 0 −1
𝑃6
 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
𝐿𝐿
 0 −𝑅𝐿
𝐿𝐿
 𝜔𝑜 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
𝐿𝐿
 −𝜔𝑜 
−𝑅𝐿
𝐿𝐿
 
  
  (A.1)  
Matrix 𝐵11 is a 18 * 2 matrix and is given by, 
𝐵11 =  
 0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
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0 0 
0 0 
0 0 
0 0 
1
𝑃45
 0 
0 1
𝑃45
 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
                                                                                                                                        
  (A.2)  
Matrix 𝐵12 is a 18 * 2 matrix and is given by, 
𝐵12 =  
 0 0 
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0 0 
0 0 
0 0 
0 0 
0 0 
1
𝑃23
 0 
0 1
𝑃23
 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
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  (A.3)  
 
Matrix 𝐵13 is a 18 * 2 matrix and is given by, 
𝐵13 =  
 
𝑥1
𝐿𝑔
𝑉𝑔� sin(𝜃𝑜 − 𝜋2 − 𝜌𝑜) 
 
𝐾1𝑥𝑜 
−𝑥1
𝐿𝑔
𝑉𝑔� cos(𝜃𝑜 − 𝜋2 − 𝜌𝑜) 
 
−𝐾1𝑑𝑜 
0 𝑉1𝑥𝑜 
0 −𝑉1𝑑𝑜 
0 𝐾12𝑥𝑜 
0 −𝐾12𝑑𝑜 
0 𝑉𝑠1𝑥𝑜 
0 −𝑉𝑠1𝑑𝑜 
0 𝐾23𝑥𝑜 
0 −𝐾23𝑑𝑜 
0 𝑉𝑠2𝑥𝑜 
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0 −𝑉𝑠2𝑑𝑜 
0 𝐾34𝑥𝑜 
0 −𝐾34𝑑𝑜 
0 𝑉𝐿𝑥𝑜 
0 −𝑉𝐿𝑑𝑜 
0 𝐾𝐿𝑥𝑜 
0 −𝐾𝐿𝑑𝑜 
          
  (A.4)  
                                                                                                               
Matrix 𝑃311 is a 2 * 18 matrix and is given by, 
𝑃311 =  
 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
                                                                                                                                        
  (A.5)  
A.2    Linearized matrices for PV Subsystem: 
The system matrix 𝐴22 is a 7 * 7 matrix and is given by: 
𝐴22 = 
 
198 
 
−𝑅𝑓
𝐿𝑓
−
𝑅𝑑
𝐿𝑓
 
𝜔𝑜 −
1
𝐿𝑓
 0 𝑅𝑑
𝑥𝐿𝑓
 0 𝑚𝑑𝑜2𝐿𝑓  
−𝜔𝑜 −𝑅𝑓
𝐿𝑓
−
𝑅𝑑
𝐿𝑓
 
0 
−
1
𝐿𝑓
 0 𝑅𝑑
𝑥𝐿𝑓
 
𝑚𝑥𝑜2𝐿𝑓  
1
𝑃𝑓
 0 0 𝜔𝑜 −1
𝑥𝑃𝑓
 0 0 
0 1
𝑃𝑓
 −𝜔𝑜 0 0 −1
𝑥𝑃𝑓
 0 
𝑅𝑑
𝑥𝐿𝑟
 0 1
𝑥𝐿𝑟
 0 −𝑅𝑑
𝑥2𝐿𝑟
 𝜔𝑜 0 
0 𝑅𝑑
𝑥𝐿𝑟
 0 1
𝑥𝐿𝑟
 −𝜔𝑜 
−𝑅𝑑
𝑥2𝐿𝑟
 0 
−3𝑚𝑑𝑜4𝑃𝑑𝑑  −3𝑚𝑥𝑜4𝑃𝑑𝑑  0 0 0 0 −𝑎2𝑎3𝑑𝑝3𝑉𝑑𝑜𝑜+𝑝4𝐼𝑝𝑣𝑜𝑃𝑑𝑑
−
𝑎2𝑎4𝑑
𝑝3𝑉𝑑𝑜𝑜+𝑝4𝐼𝑝𝑣𝑜𝐼𝑝𝑝𝑝𝑜
𝑃𝑑𝑑
−
𝑎5
𝑃𝑑𝑑
 
 
  (A.6)  
                                                                                                                                        
Where  
 𝐼𝑝𝑝𝑝𝑜 = −𝑎2𝑎3𝑑𝑝3𝑉𝑑𝑜𝑜+𝑝4𝐼𝑝𝑣𝑜 − 𝑎51 + 𝑎2𝑎4𝑑𝑝3𝑉𝑑𝑜𝑜+𝑝4𝐼𝑝𝑣𝑜  (A.7)  
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Matrix 𝐵21 is a 7 * 2 matrix and is given by, 
𝐵21 = 
 0 0 0 0 0 0 0 0 
−1
𝐿𝑟
 0 
0 −1
𝐿𝑟
 
0 0 
 
  (A.8)  
 
Matrix 𝐵22 is a 7 * 1 matrix and is given by, 
𝐵22 = 
 0 0 0 0 
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0 0 
𝑎1
𝑃𝑑𝑑
−
𝑎2𝑎4𝑑
𝑝3𝑉𝑑𝑜𝑜+𝑝4𝐼𝑝𝑣𝑜𝐼𝑝𝑝𝑔𝑜
𝑃𝑑𝑑
 
  (A.9)  
Where, 
 
𝐼𝑝𝑝𝑔𝑜 = 𝑎11 + 𝑎2𝑎4𝑑𝑝3𝑉𝑑𝑜𝑜+𝑝4𝐼𝑝𝑣𝑜 
 
(A.10)  
Matrix 𝐵231 is a 7 * 2 matrix and is given by, 
𝐵231 = 
𝑉𝑑𝑑𝑜2𝐿𝑓  0 0 𝑉𝑑𝑑𝑜2𝐿𝑓  0 0 0 0 0 0 0 0 
−3𝐾𝑟𝑑𝑜4𝑃𝑑𝑑  −3𝐾𝑟𝑥𝑜4𝑃𝑑𝑑  
  (A.11)  
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Matrix 𝐵232 is a 7 * 1 matrix and is given by, 
𝐵232 = 
 
𝐾𝑟𝑥𝑜 
−𝐾𝑟𝑑𝑜 
𝑉𝑑𝑓𝑥𝑜 
−𝑉𝑑𝑓𝑑𝑜 
𝐾𝑠1𝑥𝑜 
−𝐾𝑠1𝑑𝑜 0 
 
  (A.12)  
Matrix 𝑃22 is a 2 * 7 matrix and is given by, 
𝑃22 = 
 0 0 0 0 1 0 0 0 0 0 0 0 1 0 
  (A.13)  
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Matrix 𝑃322 is a 7 * 7 matrix and is given by, 
𝑃322 = 
 0 0 1 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 
 
  (A.14)  
 
A.3    Linearized matrices for Controller Subsystem 
As pointed out in section 2.6.3, the rows and columns to be removed from the matrices in 
order to eliminate the state 𝑥7 have been shown boxed in black using dotted lines in the 
following matrices. For obtaining model for Full PV mode operation, the rows and 
columns to be removed are highlighted in yellow.  
The system matrix 𝐴33 is a 11 * 11 matrix and is given by: 
𝐴33 = 
 0 0 0 𝑏2 0 0 0 0 0 0 0 
1 0 0 𝑏1 0 0 0 0 0 0 0 
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0 0 −1
𝜏2
 0 0 0 0 0 0 0 0 
0 0 0 −1
𝜏2
 0 0 0 0 0 0 0 
0 0 0 0 −1
𝜏1
 0 0 0 0 0 0 
0 0 0 0 0 −1
𝜏1
 0 0 0 0 0 
0 0 0 0 0 0 0 𝐾𝑖𝑖1𝐾𝑖𝑝 𝐾𝑖𝑖1𝐾𝑝𝑝 0 0 
0 0 0 0 0 0 0 0 1 0 0 
0 0 0 0 0 0 0 0 −1
𝜏𝑉𝑑𝑑
 0 0 
0 0 −3𝐾𝑖𝑖2𝐾𝑝𝑝𝑠𝐾𝑑𝑟𝑜𝑜𝑝𝐾𝑟𝑥𝑜2  0 𝐾𝑖𝑖2𝐾𝑝𝑝𝑠𝑉𝑠1𝑑𝑜
�𝑉𝑠1𝑑𝑜
2 + 𝑉𝑠1𝑥𝑜2  𝐾𝑖𝑖2𝐾𝑝𝑝𝑠𝑉𝑠1𝑥𝑜�𝑉𝑠1𝑑𝑜2 + 𝑉𝑠1𝑥𝑜2  0 0 0 0 −𝐾𝑖𝑖2𝐾𝑖𝑝𝑠 
0 0 3𝐾𝑑𝑟𝑜𝑜𝑝𝐾𝑟𝑥𝑜2  0 −𝑉𝑠1𝑑𝑜
�𝑉𝑠1𝑑𝑜
2 + 𝑉𝑠1𝑥𝑜2  −𝑉𝑠1𝑥𝑜�𝑉𝑠1𝑑𝑜2 + 𝑉𝑠1𝑥𝑜2  0 0 0 0 0 
  (A.15)  
Matrix 𝐵331 is a 11 * 2 matrix and is given by, 
𝐵331 = 0 0 0 0 0 0 0 0 1
𝜏1
 0 
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0 1
𝜏1
 
0 0 0 0 0 0 0 0 
0 0 
  (A.16)  
Matrix 𝐵332 is a 11 * 7 matrix and is given by, 
𝐵332 = 
 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
1
𝜏2
 0 𝑅𝑑
𝜏2
 0 −𝑅𝑑
𝑥𝜏2
 0 0 
0 1
𝜏2
 0 𝑅𝑑
𝜏2
 0 −𝑅𝑑
𝑥𝜏2
 0 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
0 0 −𝐾𝑖𝑖1 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1
𝜏𝑉𝑑𝑑
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0 0 0 −3𝐾𝑖𝑖2𝐾𝑝𝑝𝑠𝐾𝑑𝑟𝑜𝑜𝑝𝑉𝑑𝑑𝑜2
−  𝐾𝑖𝑖2 0 0 0 
0 0 0 3𝐾𝑑𝑟𝑜𝑜𝑝𝑉𝑑𝑑𝑜2  0 0 0 
  (A.17)  
 
 
Matrix 𝐵333 is a 11 * 2 matrix and is given by, 
𝐵333 = 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
−1
𝜏𝑉𝑑𝑑
 0 
0 −𝐾𝑖𝑖2𝐾𝑝𝑝𝑠 0 1 
  (A.18)  
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Matrix 𝐵33𝜔 is a 11 * 1 matrix and is given by 
𝐵33𝜔 = 0 0 0 0 0 0 0 0 0 0 
0 
  (A.19)  
 
Matrix 𝑃13 is a 2 * 11 matrix and is given by, 
𝑃13= 
 0 1 0 0 0 0 0 0 0 0 0 
1 0 0 𝑏1 0 0 0 0 0 0 0 
  (A.20)  
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Matrix 𝑃23𝑡 is a 2 * 11 matrix and is given by, 
𝑃23𝑡= 
 
0 0 2
𝑉𝑑𝑑𝑜
 0 0 0 2
𝑉𝑑𝑑𝑜
 
2𝐾𝑝𝑖1𝐾𝑖𝑝
𝑉𝑑𝑑𝑜
 
2𝐾𝑝𝑖1𝐾𝑝𝑝
𝑉𝑑𝑑𝑜
 0 0 
0 0 −3𝐾𝑝𝑖2𝐾𝑝𝑝𝑠𝐾𝑑𝑟𝑜𝑜𝑝𝐾𝑟𝑥𝑜
𝑉𝑑𝑑𝑜
 
2
𝑉𝑑𝑑𝑜
 
2𝐾𝑝𝑖2𝐾𝑝𝑝𝑠𝑉𝑠1𝑑𝑜
𝑉𝑑𝑑𝑜�𝑉𝑠1𝑑𝑜
2 + 𝑉𝑠1𝑥𝑜2  2𝐾𝑝𝑖2𝐾𝑝𝑝𝑠𝑉𝑠1𝑥𝑜𝑉𝑑𝑑𝑜�𝑉𝑠1𝑑𝑜2 + 𝑉𝑠1𝑥𝑜2  0 0 0 2𝑉𝑑𝑑𝑜 −2𝐾𝑝𝑖2𝐾𝑖𝑝𝑠𝑉𝑑𝑑𝑜  
  (A.21)  
Matrix 𝑃𝜔 is a 1 * 11 matrix and is given by 
𝑃𝜔 = 
 1 0 0 𝑏1 0 0 0 0 0 0 0 
 
  (A.22)  
Matrix 𝐷231 is a 2 * 2 matrix and is given by 
𝐷231 = 
 0 0 0 0 
  (A.23)  
 
Matrix 𝐷232 is a 2 * 7 matrix and is given by 
𝐷232 = 
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 0 0 −2𝐾𝑝𝑖1
𝑉𝑑𝑑𝑜
 
−2𝐿𝑓𝜔𝑜
𝑉𝑑𝑑𝑜
 0 0 − 1𝑉𝑑𝑜𝑜2 {2𝐾𝑝𝑖1𝐾𝑝𝑝𝑥6𝑜 +2𝐾𝑝𝑖1𝐾𝑖𝑝𝑥5𝑜 − 2𝐾𝑝𝑖1𝐾𝑟𝑑𝑜 +2𝑥3𝑜 − 2𝐿𝑓𝜔𝑜𝐾𝑟𝑥𝑜 + 2𝑉𝑑𝑑𝑜} 0 0 2𝐿𝑓𝜔𝑜
𝑉𝑑𝑑𝑜
 
−3𝐾𝑝𝑖2𝐾𝑝𝑝𝑠𝐾𝑑𝑟𝑜𝑜𝑝𝑉𝑑𝑑𝑜
𝑉𝑑𝑑𝑜
−
2𝐾𝑝𝑖2
𝑉𝑑𝑑𝑜
 
0 0 − 1
𝑉𝑑𝑜𝑜
2 {−2𝐾𝑝𝑖2𝐾𝑝𝑝𝑠𝑉𝑝𝑑𝑑𝑟𝑝𝑓 +2𝐾𝑝𝑖2𝐾𝑝𝑝𝑠�𝑉𝑠1𝑑𝑜2 + 𝑉𝑠1𝑥𝑜2 −3𝐾𝑝𝑖2𝐾𝑝𝑝𝑠𝐾𝑑𝑟𝑜𝑜𝑝𝑉𝑑𝑑𝑜𝐾𝑟𝑥𝑜 −2𝐾𝑝𝑖2𝐾𝑖𝑝𝑠𝑥7𝑜 − 2𝐾𝑝𝑖2𝐾𝑟𝑥𝑜 +2𝑥4𝑜 + 2𝐿𝑓𝜔𝑜𝐾𝑟𝑑𝑜 + 2𝑉𝑑𝑥𝑜} 
 
  (A.24)  
Where, 
   
𝑥3𝑜 = 𝑢𝑑𝑜 (A.25)  
 𝑥4𝑜 = 𝑢𝑥𝑜 (A.26)  
 𝑥5𝑜 = 𝐾𝑟𝑑𝑜𝐾𝑖𝑝  (A.27)  
 𝑥6𝑜 = 0 (A.28)  
 
𝑥7𝑜 = −𝐾𝑝𝑝𝑠𝑉𝑝𝑑𝑑𝑟𝑝𝑓𝐾𝑖𝑝𝑠 + 𝐾𝑝𝑝𝑠�𝑉𝑠1𝑑𝑜2 + 𝑉𝑠1𝑥𝑜2𝐾𝑖𝑝𝑠
−
3𝐾𝑝𝑝𝑠𝐾𝑑𝑟𝑜𝑜𝑝𝑉𝑑𝑑𝑜𝐾𝑟𝑥𝑜2𝐾𝑖𝑝𝑠 − 𝐾𝑟𝑥𝑜𝐾𝑖𝑝𝑠 (A.29)  
 
 
Matrix 𝐷233 is a 2 * 2 matrix and is given by 
𝐷233 = 
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0 0 0 −2𝐾𝑝𝑖2𝐾𝑝𝑝𝑠
𝑉𝑑𝑑𝑜
 
 
Matrix 𝐷23𝜔 is a 2 * 1 matrix and is given by 
𝐷23𝜔 = 
 
−2𝐿𝑓𝐾𝑟𝑥𝑜
𝑉𝑑𝑑𝑜
 2𝐿𝑓𝐾𝑟𝑑𝑜
𝑉𝑑𝑑𝑜
 
  (A.30)  
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Appendix B: Study System Parameters 
Table B. 1 Parameters of the distribution network and PV STATCOM  
Component Parameter Value 
Distribution Network 
𝑉𝑔�  99.06 kV 
𝑑 0.1691 Ω/𝑘𝑚 
𝑥𝑝 0.4182 Ω/𝑘𝑚 b 3.954 µS/𝑘𝑚 
𝑓𝑠 60 Hz 
𝜔𝑜 376.8 rad/sec 
𝑥1 115 kV / 27.6 kV 
𝐿𝑟 0.0548 H 
𝑅𝑔 0.0277 Ω 
 
 
𝐿𝐺 2.28 mH 
Load parameters for peak 
daytime load ( 
𝑅𝐿 
 
 
 
 
 
 
 
130.7933 Ω  
𝐿𝐿 0.1584 H 
 
PV Panel  
 
 
𝐼𝑠𝑑(𝑆𝑆𝑆) 
 
8.43 A 
𝐾𝑖 0.06 % / ℃ 
𝑇𝑠 25 ℃ (298.15 K) 
𝑛𝑠 60 
 
 
 
𝐼𝑡𝑝(𝑆𝑆𝑆) 
 
7.88 A 
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𝑉𝑡𝑝(𝑆𝑆𝑆) 
 
29.3 V 
𝑛𝑝 1 
𝑅𝑠ℎ 2344.42 Ω  
𝑅𝑆 0.00527 Ω 
𝑉𝑜𝑑(𝑆𝑆𝑆) 
 
36.9 V 
𝐾𝑝 -0.33 % / ℃ 
𝑛 1.21328 
𝑘 1.38064 𝑋 10−23 𝑚2 𝐾𝑔 𝑝−2𝐾−1 
𝐺𝑝𝑜𝑡 1 kW/𝑚2 
𝑁𝑝 1056 
𝑁𝑠 35 
Inverter, Filter and 
Coupling Transformer 
𝑅𝑜𝑝 1 mΩ 
 
𝑃𝑑𝑑 25000 𝜇𝜇 
 
𝐿𝑓 30 𝜇𝐻 
 
𝑃𝑓 500 𝜇𝜇 
 
𝑉𝑑𝑑 1.0255 kV 
𝑅𝑓𝐿 1 mΩ 
𝑅𝑑 0.1 Ω 
 
𝐿𝑟 0.0201 H (referred to HV 
side) 
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𝑥 0.48 kV/ 27.6 kV 
𝑓𝑠𝑠 5940 Hz 
Measurement Filter 
𝜏1 0.002 sec (starting value) 
𝜏2 0.002 sec (starting value) 
DC-Link voltage controller 𝜏𝑉𝑑𝑑 0.001 sec 
Thevenin inductance 𝐿𝑟ℎ𝑝𝑝𝑝𝑝𝑖𝑝 0.0381 H 
 
 
Table B. 2 Operating point data for DC-Link Voltage Controller design 
Parameter Value 
G 0.85 kW/𝑚2 
𝑃𝑝𝑝𝑜 7.225 MW 
𝑉𝑑𝑑𝑜 1.0255 kV 
𝐼𝑝𝑝𝑜 7.04 kA 
𝑉𝑑𝑑𝑜 0.3918 kV 
𝐼𝑟𝑑𝑜 12.294 kA 
𝑚𝑑𝑜 0.7968 
 
Calculation of per unit voltage: 
 
 
Per Unit (pu)Voltage = Actual VoltageBase Voltage  
 
(B.1)  
Base Voltage is chosen as the peak value of phase voltage at PCC which is 22.53 kV.  
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Table B. 3 Calculation of parameters of Volt/Var curve for 𝑽𝒅 = 𝟏𝟏.𝟎𝟎 𝐩𝐩 
Parameter Value 
𝑃𝑁 8.5 MW tan𝜑𝑡𝑝𝑥 0.3286 
∆𝑉𝑑𝑟𝑜𝑜𝑝 1.3158 kV 
𝑉𝑑𝑑𝑜 0.3919 kV 
 
Transfer Function from 𝐾𝑟𝑥𝑟𝑝𝑓 to 𝑉𝑝𝑑𝑑 about the operating G = 0.85 is, 
 
𝑉𝑝𝑑𝑑� (𝑝)
𝚤𝑟𝑥𝑟𝑝𝑓� (𝑝) =  𝑛𝑢𝑚 (𝑝)𝑉𝑑𝑛 (𝑝)  
 
(B.2)  
 
Where for proportional controller: 
num (s) = 1.054e11 s^30 + 3.888e15 s^29 + 3.519e21 s^28 + 1.287e26 s^27 + 4.271e31 
s^26 + 1.536e36 s^25 + 2.393e41 s^24 + 8.321e45 s^23 + 7.038e50 s^22 + 2.289e55 
s^21 + 1.124e60 s^20 + 3.271e64 s^19 + 9.32e68 s^18 + 2.263e73 s^17 + 3.488e77 s^16 
+ 6.095e81 s^15 + 4.827e85 s^14 + 6.111e89 s^13 + 4.424e93 s^12 + 1.79e97 s^11 + 
4.647e100 s^10 + 8.445e103 s^9 + 1.126e107 s^8 + 1.125e110 s^7 + 8.458e112 s^6 + 
4.736e115 s^5 + 1.929e118 s^4 + 5.47e120 s^3 + 1.001e123 s^2 + 1.005e125 s + 
3.115e126      
den (s) =  s^33 + 4.824e04 s^32 + 3.556e10 s^31 + 1.655e15 s^30 + 4.75e20 s^29 + 
2.091e25 s^28 + 3.076e30 s^27 + 1.241e35 s^26 + 1.091e40 s^25 + 3.891e44 s^24 + 
2.223e49 s^23 + 6.685e53 s^22 + 2.587e58 s^21 + 6.123e62 s^20 + 1.614e67 s^19 + 
2.716e71 s^18 + 4.697e75 s^17 + 5.068e79 s^16 + 5.576e83 s^15 + 3.754e87 s^14 + 
2.428e91 s^13  + 9.153e94 s^12 + 2.268e98 s^11 + 4.117e101 s^10 + 5.749e104 s^9 + 
6.315e107 s^8 + 5.498e110 s^7 + 3.771e113 s^6 + 1.993e116 s^5 + 7.825e118 s^4 + 
2.164e121 s^3  + 3.872e123 s^2 + 3.838e125 s + 1.19e127 
Where for PI controller: 
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num (s) = 1.063e11 s^30 + 3.933e15 s^29 + 3.55e21 s^28 + 1.302e26 s^27 + 4.31e31 
s^26 + 1.554e36 s^25  + 2.416e41 s^24 + 8.416e45 s^23 + 7.11e50 s^22 + 2.315e55 s^21 
+ 1.136e60 s^20 + 3.311e64 s^19  + 9.443e68 s^18 + 2.293e73 s^17 + 3.546e77 s^16 + 
6.19e81 s^15 + 4.927e85 s^14 + 6.209e89 s^13 + 4.491e93 s^12 + 1.82e97 s^11 + 
4.733e100 s^10 + 8.612e103 s^9 + 1.148e107 s^8 + 1.145e110 s^7 + 8.584e112 s^6 + 
4.789e115 s^5 + 1.943e118 s^4 + 5.49e120 s^3 + 1.001e123 s^2 + 1.003e125 s + 
3.107e126      
 
den (s) = s^33 + 4.824e04 s^32 + 3.556e10 s^31 + 1.655e15 s^30 + 4.75e20 s^29 + 
2.091e25 s^28 + 3.076e30 s^27 + 1.241e35 s^26 + 1.091e40 s^25 + 3.891e44 s^24 + 
2.223e49 s^23 + 6.685e53 s^22 + 2.587e58 s^21 + 6.123e62 s^20 + 1.614e67 s^19 + 
2.716e71 s^18 + 4.697e75 s^17 + 5.068e79 s^16 + 5.575e83 s^15 + 3.754e87 s^14 + 
2.428e91 s^13 + 9.151e94 s^12 + 2.268e98 s^11 + 4.116e101 s^10 + 5.748e104 s^9 + 
6.314e107 s^8 + 5.498e110 s^7 + 3.77e113 s^6 + 1.992e116 s^5 + 7.819e118 s^4                                    
+ 2.161e121 s^3 + 3.861e123 s^2 + 3.823e125 s + 1.185e127      
                                                                                                           
 
Table B. 4 DC-link voltage controller parameters and operating point data for Full 
STATCOM operation  
Parameter Value 
𝑚𝑑𝑜 0.7446 
𝐾𝑖𝑝 8100 
𝑛𝑜 4.9 
𝑧𝑜 93.89 
𝑝𝑜 2253.5 
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Appendix C: Parameters used for simulation in Chapter 4  
Table C. 1 Parameters of 9.9 MW PV system 
Parameter Value 
𝑁𝑝 1076 
𝑁𝑠 40 
𝑉𝑑𝑑 1.172 kV 
𝑃𝑑𝑑 25000  𝜇𝜇 
𝐿𝑟 0.0168 H (referred to HV side) 
 
Table C. 2 DC-link voltage controller parameters of 9.9 MW PV system 
Parameter G=0.85 kW/𝒎𝟐 
𝐾𝑝𝑝 21.70 
𝐾𝑖𝑝 4822.3 
𝜏𝑉𝑑𝑑 1 ms 
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Appendix D: Parameters used for simulation in Chapter 5  
 
Table D. 1 Parameters of PV array designed using FS 272 PV panel 
Parameter 8.5 MW PV system 9.9 MW PV system 
𝑁𝑝 7238 7587 
𝑁𝑠 16 18 
𝑉𝑑𝑑 (Maximum power point 
voltage for G = 1 kW/𝑚2) 
1.0656 kV 1.1988 kV 
𝑃𝑑𝑑 25000  𝜇𝜇 25000  𝜇𝜇 
𝑉𝑑𝑑 (Open circuit voltage of 
PV array) 
1.4192 kV 1.5966 kV 
 
Calculation of proportional gain based on required reactive current injection: 
 
Kpvs =  Peak Current Rating of inverter in kA(1 − xv) ∗ 22. 53  
 
(D.1)  
Where 𝑥𝑝 is the maximum value of voltage (in pu) beyond which 100 % reactive current 
injection is required as per the German grid code. 
The peak current rating of inverter is 14.45 kA for 8.5 MW PV system and 16.84 kA for 
9.9 MW PV system. 
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